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ABSTRACT 

(Distribution  Limitation  Statement  A) 

This  prcgrirn  involved  material  property  characterization 
of  botn  Advanced  Heatshield  Concept  Assessment  (AHCA)  and 
Advanced  Heatshield  Program  (AHP)  materials.  The  first  phase 
of  this  work  involved  nondestructive  testing  (NDT)  character¬ 
ization  and  evaluations  of  tensile ,  compressive/  thermal 
expansion  and  thermal  conductivity  properties  of  arcs  and 
plates  of  various  AHP  composite  heatshield  materials  after 
simulated  nuclear  encounter  by  flyer  plate  impact.  Physical 
and  mechanical  properties  are  presented  as  a  function  of  the 
level  of  impact.  A  detailed  discussion  of  the  distribution 
of  structure-change  within  the  arcs  is  presented  for  all 
materials . 

The  second  phase  of  this  work  included  quality  control 
NDT  of  rings,  arcs,  and  discs  of  various  AHCA  composite  heat- 
shield  materials  and  a  more  extensive  NDT  characterization  of 
selected  rings  and  arcs  from  the  quality  control  group.  The 
results*-  of  the  quality  control  inspections  were  also  used  to 
select  certain  rings  for  application  to  underground  testing - 
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SECTION  I 
INTRODUCTION 

This  program ,  entitled  Advanced  Keatshield  Concept 
Assessment  (AHCA) ,  was  involved  with  nondestructive,  thermal  and 
mechanical  properties  evaluations  on  various  composite  heatshield 
materials.  The  materials  evaluated  were  3D  carbon-carbon  (3DCC) , 
Felt  carbon-carbon  {Felt  CC) ,  tape  wrapped  carbon-phenolic  (R6300) , 
3D  carbon-phenolic  over  3D  quartz-phenolic  { 3DC/QP) ,  and  3D 
carbon-phenolic  (3DCP) . 

This  program  was  madeup  of  two  separate  but  related  phases. 

The  first  was  an  evaluation  of  carbon-carbon  and  phenolic  composite 
arcs  and  plates  which  had  been  exposed  to  flyer  plate  impact 
loading.  The  evaluations  on  the  carbon-carbon  composites  for 
this  program  included  nondestructive  testing  of  the  arcs,  bulk 
flexural  modulus  of  the  arcs,  additional  nondestructive  testing, 
thermal  expansion,  thermal  conductivity,  tensile  and  compressive 
evaluations  at  room  and  elevated  temperatures  on  specimens  removed 
from  the  arcs.  The  Test  Matrix,  Table  1,  outlines  the  numbers  ar.d 
types  of  specific  evaluations.  The  purpose  of  the  nondestructive 
testing  (X-ray,  visual  and  penetrant  inspections)  was  to  provide 
qualitative  comparisons  of  the  structure  changes  of  the  various 
specimens.  The  flexural  modulus  evaluations  provided  a  measure  of 
the  change  of  a  specific  property.  The  remaining  nondestructive 
evaluations  (bulk  density,  ultrasonic  velocity,  ultrasonic  trans¬ 
mission,  open  porosity  and  thickness  measurements)  were  to  provide 
monitors  of  structure/property  changes.  The  thermal  expansion, 
thermal  conductivity,  tensile  and  compressive  properties  were  to 
provide  first  approximation  properties  necessary  for  analysis  of 
structural/ thermal  response  of  heatshield  structures  and  of 
flyer  plate  tests  on  rings. 

The  phenolic  composite  arcs  of  this  program  had  been 
exposed  to  flyer  plate  impact  loading  and  had  previously  had 
nondestructive  and  flexural  modulus  evaluations.  The  evaluations 
of  this  program  on  these  arcs  included  nondestructive,  tensile 
and  compressive  evaluations  at  room  temperature  on  specimens 
removed  from  the  arcs.  The  Test  Matrix,  Table  2,  outlines  the 
numbers  and  types  of  specific  evaluations.  The  purposes  for 
these  evaluations  were  the  same  as  for  the  carbon-carbon  composites. 


The  second  phase  of  this  program  consisted  of  non¬ 
destructive  evaluations  of  arcs  a:  id  rings  which  were  to  be 
exposed  to  flyer  plate/  or  underground  testing.  This  phase 
included  carbon-carbon  and  phenolic  composite  materials. 

The  Test  Matrix,  Table  3,  outlines  the  numbers  of  evaluations 
as  proposed  and  as  completed.  Quality  control  evaluation 
consisting  of  bulk  density,  visual  inspection  with  photographic 
documentation  and  radiography  was  completed  on  67  rings,  10  arcs 
and  11  discs.  Using  the  quality  control  results  as  a  guide  and 
with  agreement  from  the  Air  Force  Project  Officer  8  rings  were 
selected  for  application  in  the  underground  test  program  and 
5  arcs  and  6  rings  were  selected  for  more  extensive  nondestructive 
evaluations  for  the  AHCA  Program.  These  evaluations  included 
radial  and  axial  ultrasonic  velocity  profiles,  radial  transmission 
profiles,  open  porosity,  penetrant  inspection,  and  40X  photomicro¬ 
graphy.  The  6  rings  were  then  evaluated  for  elastic  modulus  by 
ring  flexure  and  hydrostatic  compression  tests. 

During  the  course  of  the  program  some  redirection  of  effort 
was  dictated  by  problems  at  other  locations.  Unexpected  response 
of  3DC/QP  materials  to  flyer  plate  testing  brought  on  an  extensive 
investigation  of  this  material. 

The  results  of  the  work  on  properties  of  impacted  carbon- 
carbon  arcs  and  plates  and  phenolic  composite  arcs  are  presented 
in  Section  IV.  A  discussion  of  distribution  of  structure-change 
in  the  impacted  arcs  is  given  in  Section  V.  The  results  of 
pre-impact  nondestructive  evaluations  of  various  arcs  and  rings 
are  presented  in  Section  VI.  The  work  on  the  3DC/QP  response 
problem  is  discussed  in  Appendix  M. 


SECTION  II 
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MATERIAL  AND  SPECIMEN  PREPARATIONS 
IMPACTED  CARBON-CARBON  COMPOSITE  ARCS 


Materials  for  this  phase  of  the  program  included  arcs  of 
AVCO  3D  Carbon -Carbon,  Material  #8,  and  plates  of  Sandia  Felt 
Carbon-Carbonf  Material  #12.  All  but  one  of  the  3DCC  arcs  had 
nominal  dimensions  of  0.450  in.  thick  by  1.50  in.  width  by 
3.0  in.  chordal  length  on  an  outside  radius  of  4.50  in.  All 
but  one  of  the  Felt  CC  plates  were  nominally  2.0  in.  square  by 
0.450  in.  thick.  The  odd  3DCC  Arc  8-AR-V,  was  nominally  0.450  in. 
thick  by  1.50  in.  width  by  2.0  in.  in  chordal  length.  Felt  CC 
Plate  12-F-l  was  nominally  1.50  in.  square  by  0.45  in.  thick. 

All  of  these  arcs  and  plates  except  those  labeled  "V"  (virgin)  had 
previously  been  subjected  to  flyer  plate  impact  loading. 

The  3DCC  was  an  orthogonal  three-dimensional  carbon-carbon 
composite.  The  composite  was  densified  by  phenolic  impregnation , 
pyrolized  and  graphitized.  The  construction  of  this  material 
is  shown  in  Figure  1.  A  group  photograph  of  the  arcs  evaluated 
is  shown  as  Figure  53. 

The  Felt  CC  was  a  multidirectional  carbon-carbon  composite. 

A  rayon  felt  carcass  was  assembled  by  needling,  a  process  which 
pulled  some  of  the  fibers  through  the  thickness  direction  of 
the  various  felt  layers.  The  carcass  was  infiltrated  with 
pyrolytic  graphite,  and  finally  graphitized.  A  group  photograph 
of  the  plates  is  shown  as  Figure  72. 

The  arcs  and  plates  supplied  for  this  program  were: 


1.  3DCC  (Material  #8) 


8-AR-V 

8-AR-8 

8-AR-4 

8-AR-2 

8-AR-7 

8-AR-5 

8-AR-l 

8-AR-6 

8-AR-3 


Impact  Level 
(Kilotaps) 

0 

1.030 

1.640 

2.200 

3.045 

3.360 

5.390 

7.560 

7.880 


3 


9  A 


v 


2.  Felt  CC  (Material  #12) 


Impact  Level 


12-F-V 

(Kilo taps) 

•'  0 

12-F-15 

. 1.210 

12-F-16 

1.700  . 

12-F-14 

2.490 

12— F—  1 

2.430 

12-F-13 

3.070 

12-F-10 

3.440 

12-F-ll 

4.140 

Arcs  8-AR-6  and  8-AR-3  were  too  sever ly  damaged  during 
impact  loading  for  evaluation  in  this  program*  Plate  12-F-14 
was  apparently  an  anomalous  specimen  which  developed  a  midplane 
delamination  and  surface  cracks  at  a  relatively  low  impact 
level.  An  attempt  was  made  to  evaluate  this  specimen  using  NDT 
and  bulk  flexure.  The  results  were  considered  questionable  and 
no  further  evaluations  were  attempted; 

After  the  NDT  consisting  of  radiograph,  visual  inspection, 
4 OX  photomicrography,  bulk  density,  ultrasonic  velocity,  ultra¬ 
sonic  transmission,  open  porosity,  penetrant  inspection,  thick¬ 
ness  measurement  and  bulk  flexure  evaluations,  the  2DCC  arcs 
and  Felt  CC  plates  were  cut  into  blanks  as  shown  in  Figures  5 
through  8.  The  3DCC  blanks  were  all  oriented  in  the  circumfer¬ 
ential  direction.  The  Felt  CC  blanks  were  supposed  to  be 
oriented  in  the  circumferential  direction  also.  A  mixup  in 
identification  of  the  plate  directions  resulted  in  all  Felt  CC 
blanks  being  oriented  in  the  axial  direction.  The  specimens 
were  identified  as  follows: 


8-AR-2- 


Direction  of  Evaluation:  A  *  Axial 
C  *  Circumferential 

Specimen  Number 

Specimen  Primary  Evaluation  Type: 

T  =  Tensile,  C  *  Compressive 
TE  -  Thermal  Expansion, 

K  *  Thermal  Conductivity 


■Arc  Identification 


The  size  of  the  test  matrix  and  the  limited  material 
available  required  that  some  specimens  be  used  for  several 
evaluations.  The  3DCC  arcs  numbered  8-AR-8,  8-ARr*2,  and 
8-AR-5,  were  designated  for  tensile  evaluations.  Felt  CC 
specimens  from  plates  12-F-V,  12-F-16,  and  12-F-13  were  used 
for  tensile  evaluations.  The  remaining  arcs  were  utiJ'zed  for 
compressive  evaluations.  All  blanks  received  NOT  eval*  itions 
consisting  of  bulk  density,  radial  and  axial  velocity,  and 
radial  ultrasonic  transmission.  Specimen  blanks  8-AR--8-T1C 
through-T4C  and  12-F-V-T1A  through~T4A  were  used  for  thermal 
conductivity  evaluations  in  the  radial  inflow  apparatus  prior 
to  tensile  evaluations.  These  specimen  blanks  were  adapted  for 
these  evaluations  by  machining  to  the  configurations  shown  in 
Figures  10  and  11.  Specimen  blanks  8-AR-5-T1C  through~T4C , 
8-AR-2-T1C  through-T4C ,  12-F-15-C1A  through-C4A  and  12-F-10-C1A 
through-C4A  were  used  for  thermal  expansion  evaluations  prior 
to  compressive  evaluations.  Two  of  these  blanks  from  a  given 
arc  were  stacked  to  give  the  3.0  in.  gage  length  for  the 
expansion  evaluations.  This  provided  expansion  specimens  in 
the  axial  direction  for  Material  #12  and  in  the  circumferential 
direction  for  Material  #8.  After  the  thermal  evaluations  the 
tensile  blanks  were  machined  to  the  configurations  shown  in 
Figures  12  and  14  and  the  compressive  blanks  as  shown  in  Figures 
15,  16  and  17.  The  specimens  were  given  NDT  evaluations  con¬ 
sisting  of  open  porosity,  visual  inspection,  and  radiography. 
After  the  3DCC  tensile  specimens  were  run  for  modulus  they  were 
remachined  as  shown  in  Figure  13  to  improve  the  probability  of 
tensile  failures. 

Used  compressive  specimen  ends  were  employed  for  the  ex¬ 
pansion  specimens  in  the  circumferential  direction  for  Felt  CC 
and  additional  evaluations  in  both  directions  on  the  3DCC 
material.  The  extracrion  of  these  specimens  are  illustrated 
in  Figures  18  through  21. 

As  mentioned  above,  certain  tensile  specimen  blanks  were 
used  for  thermal  evaluations  prior  to  finish  machining  to 
tensile  specimens.  In  addition,  comparative  rod  thermal  conduc¬ 
tivity  specimens  were  built  up  of  pieces  taken  from  scrap 
material  from  arcs  8-AR-8  and  8-AR-2  and  plates  12-F-10  and 
12-F-15.  The  configurations  of  these  thermal  conductivity 
specimens  are  shown  in  Figures  22  and  23. 
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IMPACTED  PHENOLIC  COMPOSITE  ARCS 

Materials  for  this  phase  of  the  program  included  arcs  of 
R63Q0,  3D  Quartz-Phenolic  and  3D  Carbon/Quartz-Phenolic.  These 
arcs  had  previously  been  subjected  to  a  flyer  plate  impact 
loading  at  Kaman  Sciences  and  evaluated  for  structure  change 
by  nondestructive  testing  and  flexural  modulus  determination 
at  Southern  Research  Institute.  These  evaluations  were  reported 
in  "Damage  Study  of  Several  Carbon-Phenolic  Composite  Materials" 
to  Kaman  Nuclear,  Purchase  Order  71P00&59  dated  July  o,  1571. 

The  arcs  originally  had  nominal  dimensions  of  0.450  in. 
thick  by  1.50  in.  wide  by  3.0  in.  chcrdal  length  with  an  outside 
radius  of  4.50  in.  The  width  dimension  in  some  cases  was  altered 
during  the  previous  evaluations.  The  altered  width  aggravated 
the  specimen  geometry  problems  of  the  evaluations  for  this  program. 

The  R6300  composite  was  a  single  phase  2D,  20  degree  angle 
tape  wrap  phenolic-carbon  with  an  aluminum  (6061-T6)  backing 
plate.  A  sketch  of  the  construction  of  this  material  is  shown 
in  Figure  2.  A  group  photograph  of  the  arcs  evaluated  is  shown 
in  Figure  89. 

The  3D  Quartz-Phenolic  (3DQP)  was  a  single  phase  3D  t  j 

orthogonal  phenolic-quartz  composite.  A  sketch  of  the  construc¬ 
tion  of  this  material  is  shorn  in  Figure  3.  A  group  photograph 
of  the  arcs  evaluated  is  shown  in  Figure  94. 

The  3D  Carbon/Quartz  Phenolic  (3DC/QP)  was  a  two  phase 
material  made  of  3D  orthogonal  phenolic-graphite  over  a  3D 
orthogonal  phenolic-quartz.  The  raaials  were  phenolic-carbon. 

A  sketch  showing  the  construction  of  this  material  is  shown  in 
Figure  4.  A  group  photograph  of  the  arcs  evaluated  is  shown  as 
Figure  99. 
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Included  in  the  li&t  of  phenolic-composite  arcs  for  this 
program  were: 


K6300  (Material  #10) 

Impact  Level 
(Kilotaps) 

10-AR-V 

0 

1G-AR-4 

0.490 

1G-AR-7 

1.570 

10-AR-6 

1.660 

10-AR'3 

1.900 

10-AR-l 

1.990 

LO-AR-5 

10-AR-2 

4.040 

3D  Quartz-Phenolic,  3DQP 

Impact  Level 

(Material  #11) 

(Kilotaps) 

11-AR-V 

0 

ll-AR-8 

4.58 

ll-AR-5 

7.54 

ll-AR-3 

7.95 

ll-AR-7 

8.61 

11  AR-1 

9.01 

ll-AR-2 

9.01 

ll-AR-6 

9.88 

3D  Carbon/Quartz-Phenolic, 

Impact  Level 

3DC/QP  (Material  #15) 

(Kilotaps) 

15-AR-V 

0 

15-AR-3 

4.09 

15-AR-5 

4,69 

15-AR-6 

5.18 

15-AR-4 

6.06 

15-AR-7 

6.51 

15-AR-8 

6.54 

n 
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A  common  cutting  .plan  was  .used  for  blanking  all  phenolic 
composite  arcs ,  Figure  9.  Two  specimen  blanks  were  oriented  in 
the  axial  direction  and  two  in  the  circumferential  direction. 
Each  3DC/QP ,  Material  #15,  blank  was  further  sliced  into  two 
smaller  blanks  which  were  predominantly  3DCP,  designated  I15A, 
and  3DQP,  designated  I15B.  The  specimen  blanks  were  identified 
as  follows: 


ii=y=fi-T3C 


Jirection  of  Evaluation:  A  *  Axial, 
C  *  Circumferential 


'Specimen  Number 

‘Specimen  Evaluation  Type: 

T  *  Tensile,  C  *  Compressive 

•Arc  Identification 


Of  the  R6300  arcs  from  the  earlier  program,  arc  10-AR-2 
was  considered  too  severely  damaged  and  no  attempt  was  made  to 
machine  specimens  from  it.  The  Virgin  R6300  Arc,  10-AR-V ,  had 
no  aluminum  backing  plate.  The  aluminum  backing  plate  was  re~ 
moved  from  tne  remaining  arcs  by  fly  cutting  in  a  milling  machine. 
The  specimens  were  blanked  as  previously  described  and  blanks  were 
designated  for  tensile  evaluations  from  arcs  10-AR-4,  10-AR-6 , 

'and  10-AR-l.  The  remaining  R6300  blanks  were  designated  for 
compressive  evaluations. 

The  3DQP,  Material  #11,  Arcs  numbered  ll-AR-8,  ll-AR-3, 

.ll-AR-7 ,  and  11-AP.-6  were  designated  for  tensile  evaluations. 

The  remaining  arcs  were  used  for  compressive  evaluations.  The 
arcs  from  the  previous  program  were  of  varying  widths  and  this 
distribution  was  chosen  to  utilize  the  longest  axial  direction 
specimen  blanks  for  tensile  evaluations. 

The  3DC/QP,  Material  #15,  Arcs  numbered  15-AR-V,  15-AR-5 , 
and  15-AR-4  were  designated  for  tensile  evaluations.  The  remaining 
arcs  were  used  for  compressive  evaluations.  In  this  distribution 
the  two  most  severely  damaged  were  chosen  for  compressive  evalu¬ 
ations  and  the  remaining  distribution  was  selected  generally  to 
utilize  the  longest  axial  blanks  for  tensile  evaluations  and  to 
distribute  the  tensile  and  compressive  evaluations. 
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After  NDT  evaluations  of  the  specimen  blanks,  they  were 
machined  to  finished  specimen  configurations*  Each  specimen 
type,  loading  direction  and  material  type  was  machined  to  its 
optimum  configuration  for  the  material  available.  Generally 
each  specimen  was  the  maximum  possible  thickness  and  length. 

The  gage  width  of  tensile  specimens  froo  the  orthogonal  composites, 
3D  Quartz-Phenolic ,  Material  USA  and  iviterial  #15B  was  chosen 
to  give  two  unit  cells  centered  on  the-  v-.dth*  Compressive 
specimens  from  these  materials  used  foe-”  unit  cells  centered  on 
the  gage  widths.  The  gage  width  of  the  ££300  specimens  was 
chosen  to  give  a  convenient  and  representative  cross-section. 
Figures  24  through  39  show  the  configurations  of  the  finished 
specimens. 


SECTION  III 

APPARATUSES  AND  PROCEDURES. 

NONDESTRUCTIVE  TESTING  AND  MONITOR  EVALUATIONS 

VISUAL  AND  LIGHT  MICROSCOPY  -  For  virgin  material,  visual 
inspections  (IX  to  10X)  were  made  on  exposed  surfaces  o±  bulk 
and  specimen  shapes  tp  determine  material^ macro- level  typicality 
and  surface  anomalies.  This  was  effective  for  detecting  surface 
variations  such  as  yarn  bundle  fraction  variations,  separations, 
macrovoids,  discolorations,  resin- ^ich  and  resin-starved  areas, 
yarn  bundle  wrinkling  and  spacing  variations,  ply  spacing  vari¬ 
ations,  and  void  clusters.  Results  were  documented  photograph¬ 
ically.  Definitions  of  terms  used  to  describe  the  structure- 
charges  are  shown  in  Figure  40.  For  micro-level  characterization, 
photomicrographs  at  40X  were  used  to  establish  material  typicality 
such  as  microcracking  in  yarn  bundles,  microcrt.~!'ing  between 
matrix  and  yarn  bundles,  pore  sizes,  and  pore  size  distributions. 
Such  information  was  used  to  detect  material  variability  (within 
single  batch)  and  reproducibility  (batch  to  batch  variability) . 

For  impacted  materials,  visual  inspection  (IX  to  10X)  were 
performed  on  the  edges  and  surfaces  of  the  specimens  to  assess 
macro- level  structure  change.  Results  were  documented  photo¬ 
graphically,  Photomicrographs  (4 OX)  were  made  on  one  edge  (normal 
to  axial  direction)  of  specimens  to  assess  micro-level  structure 
change.  Results  from  these  inspections  were  compared  to  those 
from  virgin  material  for  assessment  of  structure- change.  The 
photographs  from  both  the  visual  inspection  and  the  photomicro¬ 
graphs  for  the  various  levels  of  impact  were  compared  with  one 
another  and  with  those  from  virgin  material  for  assessment  of 
structure-change.  The  Southern  Research  indexing  and  orientation 
systems  used  to  locate  a  specific  feature  are  shown  in  Figures 
41  and  42. 

GRAVIMETRIC  BULK  DENSITY  -  Bulk  density  measurements  for 
specimens  having  a  regular  configuration  were  calculated  from 
direct  measurements  of  weights  and  lengths.  An  analytical  balance 
having  a  sensitivity  of  ±0.0001  gram  was  used  for  weighing. 
Micrometers  read  to  the  nearest  0.0005  in.  were  used  for  measuring 
lengths,  and  a  traveling  microscope  accurate  to  ±0.001  in.  was 
used  for  measuring  chord  lengths. 
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RADIOGRAPHY  -  Radiography  was  performed  using  state-of-the- 
art  X-ray  techniques  for  low-absorptive  materials.  The  radio- 
graphic  unit  used  was  a  Radifluor  360  manufactured  by  Torr  X-Ray 
Corporation,  a  division  of  Phillips  Electronics.  This  unit  is 
rated  for  operation  from  0  to  120  kv  at  either  3  or  5  ma,  making 
it  ideal  for  phenolic  and  carbon-carbon  type  materials.  The  unit 
incorporates  certain  basic  characteristics  that  are  essential 
for  examination  of  low-absorptive  materials  with  high  resolution 
and  sensitivity.  The  focal  spot  size  is  0.35  nan,  and  the  X-ray 
tube  window  is  0.015  in.  thick  beryllium.  A  small  focal  spot 
size  provides  high  sensitivity  and  distortion-free  imaging  of 
small  discontinuities.  Radiographic  sensitivity  using  extra-fine 
grain  file  is  within  one  percent  (per  MIL  STD  453) . 

Operational  and  film  development  procedures  were  consistent 
with  conventional  good  radiographic  practices.  For  example,  image 
sensitivity  and  contrast  was  enhanced  by  using  minimum  power 
settings  for  longer  time  periods.  Sharp  imaging  was  ensured  by 
using  extra-fine  grain  film  (such  as  Eastman  Type  M)  and  by  using 
a  long  FFD  (  up  to  46  in.).  Hand  film  processing  in  accordance  to 
the  film  manufacturer's  suggested  procedure  was  used  to  assure 
maximum  quality.  Image  quality  was  checked  using  penetrameters 
from  similar  material.  Penetrameter  hole  sizes  used  are  1/2T,  IT 
and  2T  (IT  and  2T  holes  as  defined  by  MIL-STD-453) .  Radiographs  are 
inspected  in  a  dark  room  using  a  high  intensity  (variable)  spot 
illuminator. 

ULTRASONICS  -  Basic  apparatus  used  in  the  ultrasonic  measure¬ 
ments  of  velocity,  pulse-echo  and  through- transmission  are  a  Sperry 
UM721  Reflectoscope  and  a  Tektronix  564  Oscilloscope.  Velocity 
is  evaluated  using  the  through- transmission,  elapsed- time  technique. 
The  Sperry  Um721  is  used  as  the  pulser,  and  the  Tektronix  564 
complete  with  a  3B3  time  base  (precision  of  1  percent)  and  a  3A3 
vertical  amplifier  is  used  as  the  signal  measuring  device. 

Inspection  for  flaws  is  done  using  the  Sperry  UM721  and  the  pulse- 
echo,  reflection  technique.  Transmission  measurements  are  made 
using  the  pulsed  through-transmission  technique  with  an  in-line 
attenuator  to  simulate  the  varying  degrees  of  structure-change. 

The  Sperry  UM721  is  used  as  the  signal  pulser,  the  Tektronix  564 
as  the  signal  measuring  device,  and  a  Kay  Model  20-0,  41dB  in-line 
attenuator  for  assessing  relative  structure-changes  in  the 
various  specimens . 
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In  using  the  through-transmission/  elapsed- time  technique  for 
measuring  acoustic  velocity,  a  short  pulse  of  lcngitudinai-mode 
sound  is  transmitted  through  the  specimen.  An  electrical  pulse 
originates  in  a  pulse  generator  and  is  applied  to  a  ceramic  piezo¬ 
electric  crystal  (SFZ) .  The  pulse  generated  by  this  crystal  is 
transmitted  through  a  short  delay  line  and  inserted  into  the 
specimen.  The  time  of  insertion  of  the  leading  edge  of  this  sound 
beam  is  the  reference  point  on  the  time  base  of  the  oscilloscope 
which  is  used  as  a  high-speed  stopwatch.  When  the  leading  edge 
of  this  pulse  of  energy  reaches  the  other  end  of  the  specimen, 
it  is  displayed  on  the  oscilloscope.  The  difference  between  the 
entrance  and  exit  times  is  used  with  the  specimen  length  in 
calculating  ultrasonic  velocity.  A  short  lucite  delay  line  is 
used  to  allow  time  isolation  of  the  sound  wave  from  electrostatic 
coupling  and  to  facilitate  clear  presentation  of  the  leading 
edge  of  the  entrant  wave  resulting  in  a  more  accurate  "zero"  for 
time. 


Using  0. 5/1.0  MHz  transducers  coupled  with  alcohol,  the  pre¬ 
cision  for  this  velocity  measurement  technique  has  been  established 
for  polygraphites  such  as  ATJ-S  as  ±0.002  in.  per  microsecond  for 
a  four  in.  long  by  1/2  in.  diameter  specimen  and  as  ±0.010  in.  per 
microsecond  for  a  1/4  in.  long  by  1/4  in.  diameter  specimen. 

In  using  the  pulse-echo,  reflection  technique  to  detect  macro¬ 
flaws,  test  blocks  from  ATJ-S  polygraphite  are  used  as  calibration 
references  for  estimating  the  location,  depth  and  size  of  dis¬ 
continuities.  These  blocks  are  normally  about  5/8  in.  square  by 
2,  3,  and  4  in.  long.  At  one  end,  a  single  flat-bottom  hole  is 
drilled  along  the  specimen  axis  to  a  depth  of  1  in.  The  hole 
sizes  range  from  1/32  to  1/4  in.  in  1/32  in.  increments.  The 
maximum  penetrating  signal  frequency  is  used  for  maximum  resolu¬ 
tion,  and  instrument  settings  are  duplicated  as  much  as  possible 
for  evaluations  of  similar  materials.  Alcohol  is  used  as  the 
couplant.  Two  techniques,  using  a  Tektronix  Oscilloscope  C-12 
camera,  are  used  in  recording  pulse-echo  signals  from  specimens. 

The  first  technique  involves  taking  photographs  of  the  signal 
as  transmitted  from  one  or  both  ends  of  the  specimen  to  determine 
"standing  signals."  The  second  technique  involves  recording  a 
multiple  trace  (smear)  of  the  signal.  This  is  done  by  revolving 
the  specimen  on  the  face  of  the  transducer  on  about  a  1/8  in. 
radius  with  the  camera  shutter  open.  This  technique  tends  to 
randomize  the  background  noise  and  to  define  the  more  repetitive 
"standing  signals." 
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In  using  the  through-transmission  technique  for  detecting 
structure  variations.  Figure  43,  sound  is  transmitted  through 
the  specimen  ;and  displayed  by  the  oscilloscope.  The  gain  of  the 
oscilloscope  is  held  constant  and  a  calibrated  step  attenuator 
located  in  the  input  circuit  is  used  to  maintain  the  displayed 
waveform  at  a  constant  amplitude.  Values  of  transmission  (called 
added  dB)  relative  to  a  reference  material  may  be  read  from  the 
step  attenuator.  Measurements  are  made  in  an  alcohol  bath  to 
minimize  effects  of  contact  coupling  and  near  field  effects. 

A  suitable  fixture  is  used  to  align  the  transducers  and  to  hold 
the  specimen  squarely  in  the  sound  beam.  When  specimen  geometry 
is  such  that  part  of  the  energy  in  the  sound  beam  could  by-pass 
the  specimen,  foam  padding  is  used  as  a  block  to  absorb  this 
energy.  The  sensitivity  of  the  calibrated  attenuator  is  ±  1  dB 
with  a  minimum-maximum  attenuation  from  0  to  41  dB. 

POROSITY  BY  LIQUID  ABSORPTION  -  The  evaluation  of  porosity 
and  density  of  porous  type  materials  such  as  polygraphites  and 
carbon-carbon  or  carbon-phenolic  composites  are  evaluated  using  a 
liquid  absorption  technique .  Using  this  technique,  mineral  spirits 
(s.g.  776)  is  vacuum  impregnated  into  samples  of  material.  From 
measurements  of  dry  weight,  suspended  weight  and  saturated  weight, 
evaluations  of  absorption,  density  (bulk  and  apparent) ,  and  open 
porosity  can  be  calculated  directly.  If  the  true  density  of  the 
material  sample  is  known,  the  total  porosity  and  thus,  the  closed 
porosity  of  the  material  sample  can  be  calculated. 

The  normal  procedure  used  in  making  liquid  absorption 
measurements  involves  first  a  thorough  drying  and  then  precise 
weighing  of  specimens  to  determine  dry,  suspended  and  saturated 
weights  (recorded  to  nearest  0.0001  gram).  First,  the  specimens 
are  oven  dried  at  temperature  above  212°F  for  two  hours  to  drive 
out  absorbed  moisture  and  then  weighed  to  determine  dry  weight. 
Individual  specimens  are  then  placed  in  small  beakers  which  are 
placed  on  their  sides  in  a  desiccator.  After  the  desiccator  is 
sealed  off,  a  vacuum  of  50  microns  of  Hg  is  pulled  and  held  for 
two  hours  to  remove  entrapped  air  from  the  specimens.  The 
aessicator  is  then  purged  with  mineral  spirits  until  the  beakers 
containing  the  specimens  are  submerged.  The  desiccator  is  then 
vented,  and  the  specimens  are  left  in  the  desiccator  for  20 
minutes  to  allow  vapor  inside  the  specimens  to  condense. 
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The  suspended  weight  is  obtained  by  weighs ’ig  the  saturated 
specimen  while  suspended  in  the  mineral  spirits.  The  specimens 
are  kept  submerged  by  righting  the  beakers  in  the  desiccator  to 
maintain  the  mineral  spirits  level  above  the  specimen.  As  shown 
in  Figure  44,  a  basket  is  suspended  from  a  balanced,  beam  such 
that  the  level  of  mineral  spirits  in  the  individual  beakers 
cover  the  specimen  and  basket  at  all  times  during  the  weighing 
operation.  The  tare  weight  of  the  basket,  which  is  subtracted 
from  the  total  suspended  weight  to  determine  the  suspended  weight 
of  the  specimen,  is  determined  by  weighing  the  suspended  basket 
submerged  in  mineral  spirits  to  the  same  depth  that  the  specimen 
is  weighed.  Care  is  used  to  ensure  that  no  air  bubbles  cling  to 
the  basket  and  chat  a  clearance  between  the  basket  and  sides  of 
the  beaker  is  maintained. 

For  determining  saturated  weight,  the  specimens  are  removed 
from  the  mineral  spirits  and  wiped  carefully  to  remove  excessive 
surface  mineral  spirits.  The  specimens  are  then  weighed  immedi¬ 
ately  to  determine  the  saturated  weight. 


From  the  three  weights  taken  for  each  specimen  (dry  weight, 
suspended  weight  and  saturated  weight)  percent  water  absorption, 
open  porosity,  bulk  density  and  apparent  density  are  determined. 
The  total  porosity  can  be  determined  also  when  the  true  density 
of  the  material  is  known.  The  equations  used  for  these  calcu¬ 
lations  are:  ,  * 

Wa  =  (■  . ~|  ~  x  100  percent  (1) 
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where 


W  =  Hater  absorption 

oi 

W  =  Height  of  sample  when  saturated  with  liquid  m 
=  Dry  weight  of  sample 

Wgu  =  Height  of  sample  when  suspended  in  liquid  m 

Pm  *  Density  of  liquid  m  (about  0.76  gra/cm3  for  mineral 
spirits  -  s.  g.  checked  after  each  run) 
p  *•  Density  of  liquid  water 

t 

pt  =  True  density  of  sample 
p^  *  Bulk  density  of  sample 

pa  *  Apparent  density  of  sample 
PQ  *  Open  porosity 

Pfc  *  Total  porosity 

Heights  for  this  evaluation  are  determined  using  an  analyti¬ 
cal  balance  sensitive  to  0.0001  gram.  Instrument  precision  for 
measuring  absorption  is  *0.10,  bulk  density  is  ±0.002  gm/cm3, 
open  porosity  is  ±0.15  and  total  porosity  is  ±0.05. 


FILTERED-PARTICLE  PENETRANT  INSPECTION  -  For  inspecting  porous 
materials  whose  particle  size  is  100  mesh  or  smaller,  the  filtered- 
particle  inspection  method  is  applicable.  The  filtered-particle 
system  consists  of  a  fluid  (suspending  medium)  containing  a  dis¬ 
persion  of  properly  sized  and  shaped  particles.  Differential  liquid 
absorption  between  an  area  containing  a  crack  and  one  that  does 
not  is  the  phenomena  which  causes  the  particles  to  congregate 
about  a  surface  discontinuity.  For  example,  when  the  filtered- 
particle  penetrant  is  applied,  more  liquid  is  absorbed  at  the  site 
of  a  crack  than  anywhere  else  because  of  the  extra  absorption 
area  within  the  defect.  As  the  liquid  enters  the  defect,  the 
suspended  particles  are  filtered  out  at  the  surface  causing  a 
higher  concentration  of  particles  along  the  defect. 

The  filtered-particle  system  used  at  Southern  Research  for 
phenolic  and  graphitic  materials  is  Partek  P-1A  (in  alcohol) 
manufactured  by  the  Magnaflux  Corporation.  This  system  can  be 
obtained  with  either  an  oil  or  alcohol  base  with  a  fluorescent 
particle  which  becomes  clearly  visible  under  black  light. 
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The  procedure  for  using  the  filtered-particle  system  con¬ 
sists  first  in  applying  the  technique  to  a  material  which  is 
applicable  to  the  test.  Partek  P-1A  when  correctly  used  detects 
minute  cracks  which  measure  only  about  0.002  to  0.003  in.  wide 
on  the  surface.  Application  is  by  hand  using  an  eye  dropper, 
and  inspection  is  done  under  black  light.  Results  are  recorded 
photographically  using  a  Polaroid  NP-3  camera  with  a  Polaroid 
No.  HNCP  37  x  0.030  in.  filter  and  black  light  illumination. 

ALCOHOL  PENETRANT  INSPECTION  -  Alcohol  is  used  on  porous 
materials  such  as  graphites,  phenolic  and  carbon-carbon  composites 
as  a  nondestructive  test  for  surface  discontinuities  such  as  gross 
porosity,  wide  density  variations,  large  inclusions  and  cracks. 
When  a  material  is  wetted  with  alcohol,  porous  areas  and  cracks 
remain  wet  for  a  longer  period  of  time  than  the  surrounding 
material.  The  differential  evaporation  effect  i.s  discernible 
by  visual  observation.  Although  this  technique  is  not  quanti- 
tized  (it  probabl”  '■'ould  be) ,  it  is  effective  in  revealing  surface 
discon tinui ties 

The  alcohol  inspection  procedure  involves  the  following: 

1.  Application  of  alcohol  to  surface  of  specimen  usually 
for  5  to  10  seconds.  This  can  be  done  by  flooding,  brushing,  or 
immersing. 

2.  Inspection  of  specimen  surface  as  alcohol  evaporates. 
Porous  areas  will  remain  wetted  while  the  surrounding  smooth 
areas  will  dry.  Cracks  also  will  remain  wetted  depending 
primarily  upon  the  depth  and  width  of  the  crack. 

3.  Record  is  made  of  visual  observations. 

This  technique  is  useful  in  revealing  surface  discontin¬ 
uities.  Other  NOT  methods  of  inspection  such  as  ultrasonics 
and  radiography  can  be  used  in  conjunction  with  the  penetrant 
test  to  determine  the  extent  of  the  surface  discontinuity 
internally. 
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CARBON-CARBON  COMPOSITES 


MODULUS  OP  ELASTICITY  <MOE)  IN  FLEXURE  -  The  evaluation  of 
modulus  of  elasticity  in  flexure  \as  performed  in  a  four-point 
bending  apparatus  shown  schematically  in  Figure  45.  The  appa¬ 
ratus  consists  of  three  sections:  a  support  section,  loading 
section,  and  deflection  transducer  support.  The  support  section 
is  a  steel  block  with  nVN  guides  for  precise  spacing  and  align¬ 
ment  of  support  pins,  0.500  in.  in  diameter,  at  a  separation  of 
2.250  in.  for  the  3DCC  arcs  and  1.500  in.  for  the  Felt  CC  plates. 
The  loading  section  is  a  stiff  steel  loading  ram  with  "VN  grooves, 
0.750  in.  apart  for  the  3DCC  arcs  and  0.500  in.  for  the  Felt  CC 
plates,  for  precise  spacing  and  alignment  of  loading  pins, 

0.375  in.  in  diameter.  The  loading  ram  i c  provided  with  guides 
which  ride  in  "V*  grooves  in  the  support  block  to  align  the 
support  block  to  the  loading  ram.  Load  is  applied  to  the  loading 
ram  through  a  hardened  steel  ball  in  a  recessed  conical  seat  in 
the  loading  ram. 

An  attempt  was  made  to  determine  flexural  modulus  using 
strain  gages  on  the  specimens.  The  attempt  was  successful  for 
the  Felt  CC  material  but  was  not  successful  for  the  3DCC  material. 
The  strain  gages  bonded  readily  to  the  3DCC  material  but  came 
off  the  arcs  with  a  thin  layer  of  the  material  when  flexed. 

Using  the  strain  gages  the  Felt  CC  plates  were  evaluated  by 
loading  incrementally  and  reading  strain  using  a  Baldwin  strain 
indicator  box.  The  flexural  modulus  was  determined  for  the 
Felt  CC  plates  by: 

1_ 

e 

where 

a  *  Bending  stress 
e  *  Strain  gage  reading 
p  *  Applied  load 
a  =  1/3  Beam  span 
b  =  Beam  width 
h  =  Beam  depth 
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To  conduct  an  MOE  evaluation  on  the  °DCC  arcs,  a  plate  was 
inserted  in  the  deflection  transducer  frame  and  centered.  The 
specimen  and  transducer  frame  were  placed  on  the  support  block 
and  guides  of  the  loading  ram  were  inserted  in  the  guide  grooves 
of  the  support  block.  The  specimen  and  frame  were  then  carefully 
aligned  such  that  the  transducers1  support  frame  arms  were  di¬ 
rectly  above  the  support  rods.  The  .assembled  apparatus  was  placed 
between  the  crossheads  of  a  30,000  pound  capacity  Tinius-Olsen 
electromechanical  testing  machine.  Load  was  applied  to  a  maxi¬ 
mum  of  20  percent  of  the  ultimate  strength  of  the  virgin  material. 
Continuous  load  versus  mid-point  deflection  plots  were  recorded 
on  an  X~Y  recorder.  A  minimum  of  three  loadings  per  side  of 
the  specimen  constituted  a  run.  The  flexural  modulus  of 
elasticity  (MOE)  was  calculated  from  the  geometry  and  load- 
deflection  curves  by: 


MOE  = 


m~  T" 


where 
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1/3  Beam  span  =  0.75  in. 

Moment  of  Inertia  =  bhJ 
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Beam  Width 
Beam  depth 

Slope  of  the  load  deflection  curve 
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No  allowance  was  made  for  curvature  of  the  3DCC  specimens. 
Sample  calculations  showed  this  to  be  a  negligible  effect.  The 
deflection  measurement  using  the  LVDT  system  includes  a  contri¬ 
bution  due  to  compaction  and  one  due  to  shear.  Even  though  this 
shear  deflection  is  of  the  same  order  of  magnitude  as  the  bending 
deflection  it  does  not  invalidate  the  data.  The  relative  mag¬ 
nitudes  of  the  flexural  modulus  values  obtained  in  this  manner 
provide  a  measure  cf  property  change.  This  test  does  prevent 
comparing  data  from  the  damaged  and  virgin  3DCC  arcs  since  the 
latter  arc  had  a  different  geometry  and  the  shear  deflection  is 
strongly  geometry  dependent. 

TENSILE  EVALUATIONS  -  Tensile  evaluations  for  the  carbon- 
carbon  composites,  3 DCC  and  Felt  CC,  were  run  in  the  gas-bearing 
tensile  facility.  This  facility  utilizes  precise  alignments 
and  gas-bearing  universal  joints  to  minimize  the  possibility 
(and  magnitude)  of  external  bending  moments  being  applied  to  the 
specimen.-  The  usual  strain  measuring  system  in  this  facility 
is  our  automatic  optical  strain  analyzer.  A  complete  description 
of  the  gas-bearing  tensile  testing  facility  is  included  as 
Appendix  A. 

Six  specimens  made  from  scrap  material  were  evaluated  to 
demonstrate  the  suitability  of  the  Felt  CC  specimen  design. 

Figure  17.  These  evaluations  on  the  Felt  CC  specimens  presented 
no  problems .  Evaluations  as  outlined  in  the  Test  Matrix,  Table  4, 
were  made  on  specimens  from  three  of  the  impacted  plates.  Six 
specimens  were  evaluated  at  3000 *F  and  five  at  room  temperature. 
Strain  measurements  were  made  using  the  optical  strain  analyzer. 
Specimens  were  loaded  at  a  constant  10,000  psi  per  minute  stress 
rate.  Load  was  measured  by  a  2500  pound  Strainsert  load  cell. 

Load  versus  strain  was  recorded  on  an  X-Y  recorder  from  which 
ultimate  stress,  elastic  modulus  and  strain-to-failure  were 
derived . 

The  3DCC  specimens  presented  several  problems  which  were 
not  completely  overcome.  First,  the  material  available  for 
each  specimen  was  limited  to  1.50  in.  in  length.  The  anticipated 
strength  of  the  3DCC  material  at  3000°F  was  18,000  psi  in  tension 
and  1,200  psi  in  shear.  The  requirement  that  the  specimen 
gage  contain  an  integral  number  of  unit  cells  centered  on  the 
gage  set  one  gage  dimension  at  either  0.10  or  0.20  in.  (one  or 
two  unit  cells).  For  a  fixed  grip  length  of  0.500  in.  a  gage 
cross  section  of  0.10  in.  x  0.20  in.  maximum  was  required  to 
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limit  the  shear  stress  in  the  grip*  During  the  specimen  suita¬ 
bility  demonstration  higher  failing  loads  were  obtained  with  one 
unit  cell  in  the  width  direction.  The  required  elevated  temper¬ 
ature  tensile  runs  precluded  using  a  combination  mechanical-epoxy 
grip  as  used  for  the  phenolic  composites.  The  pull  rod  and 
specimen  grip  design  which  evolved  are  shown  in  Figure  46. 

Another  problem  with  the  tensile  evaluations  on  the  3DCC 
material  was  with  the  strain  measurement.  Strain  measurements 
on  initial  runs  on  this  material  in  the  gas-bearing  tensile 
facility  were  attempted  using  the  optical  strain  analyzer. 

Seating  of  the  specimen,  bending  of  the  specimen  (due  to 
the  inevitable  non-uniformity  of  the  material)  and  lack  of 
rigidity  of  the  specimen,  gave  motions  which  the  optical  strain 
analyzer  interpreted  as  strain.  These  erroneous  strains  made 
the  analyzer  output  impossible  to  interpret.  Clip-on  strain 
gage  extensometers  do  not  suffer  from  these  motions  and  were 
used  to  give  interpretable  stress-strain  plots. 

A  specimen  design  suitability  demonstration  was  attempted 
using  seven  specimens  from  scrap  material  from  the  AHP  program. 
The  grip  lengths  of  these  design  suitability  specimens  were 
varied  from  0.500  to  0.688  in.  The  ultimate  failing  stresses 
increased  with  increasing  grip  length.  All  failures  were  shear 
failures  between  the  individual  circumferential  fibers  and  the 
matrix  material.  The  only  change  in  design  which  could  increase 
the  failing  stress  to  a  level  where  the  mode  was  tension,  rather 
than  shear,  would  be  to  increase  th-a  grip  length  of  the  specimen. 
The  material  from  the  impacted  arcs  was  not  sufficient  to  in¬ 
crease  the  grip  length. 

The  original  specimen  design.  Figure  15,  was  retained  but 
testing  procedure  was  modified  to  assure  the  highest  possible 
ultimate  stresses.  Stress-strain  curves  at  room  temperature 
were  recorded  to  a  level  below  the  failing  load  of  the  specimen 
grip  section.  Elastic  modulus  was  calculated  from  these  curves. 
The  specimens  were  then  remachined  as  shown  in  Figure  16  to 
give  the  maximum  possible  specimen  "grip”  length.  The  specimens 
were  rerun  recording  only  a  load-time  plot  for  ultimate  strength 
determination.  These  runs  were  at  room  temperature  and  30G0#F. 
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COMPRESSIVE  EVALUATIONS  -  Compressive  evaluations  for  the 
carbon-carbon  composites,  3DCC  and  Felt  OC,  were  run  in  our 
gas-bearing  compressive  facility.  A  complete  description  of 
this  facility  is  included  as  Appendix  B.  The  gas-bearings  of 
this  facility  allow  precise  alignment  of  the  load  train.  Prior 
to  loading,  the  bearings  are  locked  to  provide  rigid  support 
to  the  specimen.  This  facility  uses  an  automatic  optical  strain 
analyzer  for  strain  measurements.  Specimens  were  machined  to 
the  maximum  possible  dimensions  allowed  by  the  available  material 
and  the  requirement  that  the  3DCC  specimens  contain  an  integral 
number  of  unit  cells,  centered  on  the  gage  section  of  the  finished 
specimen.  Figures  13,  19,  and  20.  Evaluations  were  run  at  room 
temperature  and  450G°P. 

THERMAL  EXPANSION  -  The  thermal  expansion  wa3  determined 
with  both  the  quartz  and  graphite  dilatcmeters.  The  graphite 
dilatometers  were  employed  over  the  total  temperature  range  to 
5000°F  and  the  quartz  dilatometers  were  employed  up  to  1700°F 
in  order  to  confirm  the  data  at  the  lower  temperatures. 

A  complete  description  of  the  apparatuses  and  procedures 
with  the  estimated  uncertainties  in  the  measurements  are  in¬ 
cluded  in  Appendices  C  and  D.  .Due  to  the  small  amount  of 
material  available  for  evaluation,  the  specimens  employed  were 
prepared  by  stacking  smaller  pieces  to  tha  required  length  as 
discussed  previously. 

The  stacking  of  smaller  pieces  to  provide  a  specimen  of 
proper  length  has  been  found  to  provide  data  within  the  same 
uncertainty  limits  stated  in  the  appendix,  provided  that  no 
disruptions  occur  at  the  interfaces  during  exposure  to  tempera¬ 
ture.  For  these  carbon-carbon  materials,  no  irregularities  were 
observed  at  the  interfaces  after  the  run,  therefore,  the  uncer¬ 
tainty  remained  unchanged. 

THERMAL  CONDUCTIVITY  -  The  thermal  conductivity  of  3DCC 
and  Felt  CC  were  determined  in  the  radial  direction  with  both 
the  comparative  rod  and  radial  inflow  apparatuses.  Complete 
descriptions  of  both  apparatuses  and  the  estimated  uncertainty 
arc  included  in  Appendices  E  and  F.  Due  to  the  limited  amount 
of  material  available,  modification  in  procedures  and  specimen 
configuration  was  necessary. 

For  the  comparative  rod  apparatus  the  normal  specimen  of 
1  in.  diameter  by  1  in.  long  could  not  be  used.  The  specimens 
were  prepared  by  glueing  smaller  pieces  together  and  machining 
a  configuration  of  maximum  possible  diameter  by  about  0.400  in.  long. 
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The  maximum  diameters  possible  were  0.75  in.  for  the  3DCC  and 
0.65  in.  for  the  Felt  CC  materials.  The  figures  presented 
previously  (Figure  25  and  26)  illustrate  the  specimens  prepared. 
Ail  the  other  procedures  were  as  discussed  in  the  appendix, 

A  strip  assembly  was  employed  for  the  radial  inflow 
apparatus.  This  assembly  replaces  the  cylindrical  specimen 
with  four  strips  boxed  around  the  central  calorimeter  as  shown 
in  Figure  47.  The  heat  flowing  radially  inward  toward  the  calo¬ 
rimeter  transfers  through  the  thickness  of  each  strip.  The 
temperature  gradient  across  each  strip  is  measured  and  the  average 
value  is  used  to  calculate  the  thermal  conductivity  as  shown  in 
the  following  equation: 

K  =  TK  1  fa 

where  K  *  Thermal  conductivity 

1  =  Distance  between  the  hot  and  cold  temperature 
well  in  the  specimen 

A  =  Cross-sectional  area  of  gage  section  of  one 
strip  =  0.25  in.2 

q  —  Total  measured  heat  flow  -  Btu/hr 
AT  *  Average  temperature  drop  monitored  in  the  strips 

For  a  strip  assembly  it  is  desired  to  situate  the  strip 
such  that  the  heat  flows  in  the  direction  of  low  conductivity 
and  perpendicular  to  the  plane  of  high  conductivity.  This  is 
desired  since  the  specimen  oriented  in  this  fashion  (in  addition 
to  the  use  of  the  pyrolytic  strips  shown  in  Figure  47)  will 
tend  to  form  flat  and  normal  isotherms.  This  was  accomplished 
with  the  gage  of  the  specimen  being  oriented  in  the  radial 
direction  (probably  lowest  conductivity) .  The  direction  per¬ 
pendicular  to  the  gage,  was  circumferential  for  the  3DCC  and 
Axial  for  the  Felt  CC. 

Past  experience  in  using  the  strip  assembly  with  a  high 
conductivity  specimen  indicated  an  error  of  no  more  tl*an  ±  10  per¬ 
cent  provided  the  isotherms  were  not  distorted  significantly. 
Post-mortem  analysis  of  the  specimen  and  data  tor  these  runs 
indicated  that  the  isotherms  were  reasonably  normal  to  the  beat 
flow  and  the  uncertainty  of  ±  10  percent  would  apply  here. 
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PHENOLIC  COMPOSITES 


TENSILE  EVALUATIONS  for  the  phenolic  composites  were  run 
at  room  temperature  in  a  Tinius-Olsen  testing  machine  utilising 
precision  chain  grips  and  precision  specimen  tabs.  A  sketch  of 
the  test  set  up  is  shown  as  Figure  48.  Chain  grips  are  used 
where  failing  loads  of  the  specimens  are  likely  to  exceed  the 
capacity  of  the  gas**bearing  facility. 

The  chain  acts  as  a  series  of  universal  joints  and  is 
used  to  minimize  the  possibility  of  externally  applied  bending 
moments  being  introduced  into  the  specimen.  The  chain  is  adapted 
to  the  grips  by  a  centering  bushing  which  locates  the  chain 
within  9.001  in.  of  the  centerline  of  the  grips.  The  chain  &  l 
grips  were  pre-loaded  above  the  chain  rated  load  to  assure 
good  mating  surfaces  in  the  individual  links  and  at  the  grip 
chain  interface. 

The  specimens  were  machined  to  the  maximum  possible 
dimensions  consistent  with  the  material  available  and  the  re¬ 
quirement  that  the  3D  orthogonal  specimens  be  centered  on  the 
weave  pattern  and  contain  an  integral  number  of  unit  cells.  The 
elastic  modulus  desired  was  for  the  total  thickness  if  possible. 

The  resulting  specimens  were  considerably  smaller  in  length  and 
width  than  good  material  testing  would  require.  The  tab  grip 
utilizing  both  mechanical  and  epoxy  bonding  to  grip  the  specimen 
(  ,  was  felt  to  the  best  approach.  A  sketch  of  an  assembly  of 

specimen  and  tab  grips  is  shown  as  Figure  49.. 

The  tab  and  specimen  were  machined  to  the  same  thickness. 

The  specimen,  tabs  and  covers  were  bonded  together  as  one 
assembly  using  Shell  Resinbond  907,  (2,000  psi  shear  strength}. 

The  assembly  was  lightly  clamped  in  an  alignment  jic  under  a 
small  preload  and  cured  at  150*F. 

Strain  measurements  were  made  using  clip-on  strain  gage 
extensometers .  Load  on  the  specimen  was  measured  with  the  internal 
load  cel1  in  the  testing  machine.  Load  was  applied  at  a  constant 
rate  of  lo,000  psi  per  minute.  Load  and  strain  were  recorded 
on  an  X-T  recorder. 
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Evaluations  on  the  R6200,  Material  #30,  and  3DCP,  Material 
#15A,  specimens  were  carried  successfully  to  ultimate.  The  initial 
runs  on  .  .e  quartz-phenolic  materials  gave  bending-shear 
failure  within  the  tab  grips.  The  majority  of  the  3DQP, 

Material  #11,  specimens  were  loaded  to  a  level  within  the  tab 
grip  capability  for  evaluation  of  elastic  modulus.  The  gage 
sections  of  these  specimens  were  then  machined  as  shown  in  Figure 
50  to  yield  a  higher  gage  stress  for  a  given  load.  These  specimens 
were  then  reloaded  and  gave  specimen  failure  within  the  gage 
section  and  a  much  better  estimate  of  the  tensile  strength  of  the 
material . 

COMPRESSIVE  EVALUATIONS  for  the  phenolic  composites,  were 
run  in  the  gas-bearing  compressive  facility.  A  complete  des¬ 
cription  of  this  facility  is  included  aa  Appendix  B.  The  gas 
bearings  of  this  facility  allow  precise  alignment  of  the  load 
train.  Before  loading  the  specimen,  the  bearings  are  locked  and 
thus  provide  rigid  support  to  the  specimen.  An  automatic  optical 
strain  analyzer  is  used  for  strain  measurement.  Specimens  were 
machined  to  the  maximum  possible  dimensions  allowed  by  the 
available  material  and  the  requirement  that  the  specimens  from 
the  3D  orthogonal  materials  contain  an  integral  number  of  unit 
cells  centered  on  the  gage  section  of  the  finished  specimens. 

Two  specimens  from  each  arc  were  oriented  in  the  axial  direction 

and  two  in  the  circumferential  direction.  All  specimens  were  {) 

loaded  to  failure  at  room  temperature.  Plots  of  load  versus  strain 

were  recorded  on  an  X-Y  recorder. 

PRE- IMPACT  NDT  EVALUATIONS 

NDT  characterization  of  arcs  and  rings  for  Phase  II  was 
conducted  on  as-received  arcs  and  rings  from  AVCO  3DC/QP,  AVCO 
3DCP,  AVCO  3'OCl  (T400),  AVCO  R6300,  AVCO  3DCC  and  Sandia  Felt  CC. 

This  work  entailed  characterization  and  quality  control  of  55 
undegraded  arcs,  67  rings,  11  discs,  and  10  coupons.  All  specimens 
received  quality  control  (QC)  evaluation  consisting  of  bulk 
density,  visual  inspection  (IX)  with  photographic  (IX  to  10X) 
documentation,  and  radiography  with  one  additional  NDT  monitor 
whore  questionable  material  uniformity  or  reproducibility  appeared. 

Based  on  the  QC  results  and  agreement  with  the  Air  Force  Project 
Officer,  5  arcs  (AVCO  3DCP)  and  6  rings  (two  each  from  AVCO  R6300, 

AVCO  3DCC  and  Sandia  Felt  CC)  were  selected  for  more  extensive  NDT 
evaluation.  This  additional  or  full  treatment  (FT)  NDT  included 
inspections  by  ultrasonic  velocity,  radial  ultrasonic  transmission, 
liquid  penetrants,  40X  photomicrography,  and  bulk  mechanical 
evaluations . 
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The  test  matrix  for  Phase  II  was  presented  in  Table  3.  The 
Southern  Research  indexing  systems  used  for  the  various  con¬ 
figurations  are  given  in  Figures  43  and  44, 

NONDESTRUCTIVE  RING  MODULUS  EVALUATIONS 

The  6  rings  which  received  the  full  treatment  NDT  evalu¬ 
ations  received  nondestructive  modulus  evaluations  also.  Two 
different  methods  were  used:  first,  a  ring  flexure  evaluation, 
and  second,  a  hydrostatic  compression  evaluation.  During  these 
evaluations  the  rings  were  loaded  to  no  greater  than  20  percent 
of  ultimate  strength  as  defined  by  data  from  the  AHP  program. 

A  schematic  drawing  of  the  setup  used  for  the  ring  flexure 
evaluations  is  shown  as  Figure  51.  The  ring  was  instrumented 
with  four  strain  gages  on  the  inside  surface  oriented  in  the 
circumferential  direction.  The  ring  to  be  evaluated  was 
located  between  the  crossheads  of  a  Tinius-Olsen  testing  machine. 
Three  dial  indicators  were  located  around  the  ring  to  measure 
radial  deflection  as  shown  in  Figure  51.  Strain  was  read  using 
a  Baldwin  strain  indicator.  Load  was  read  from  an  internal  load 
cell  in  the  testing  machine.  The  ring  was  loaded  incrementally 
and  all  dial  indicator  and  strain  gages  read  at  each  load  increment. 
The  ring  was  loaded  to  20  percent  or  less  of  its  ultimate  strength. 
The  sequence  was  repeated  at  least  twice  with  the  arbitrarily 
selected  NDT  zero  orientation  under  the  loading  pad,  rotated 
45  degrees  counterclockwise  and  at  90  degrees  to  the  vertical. 
Modulus  values  were  calculated  using  the  classical  ring  equations. 

The  hydrostatic  compression  evaluation  was  run  in  a  hydro¬ 
static  loading  rig  shown  schematically  in  Figure  52.  The  loading 
medium  was  a  thin  wall  rubber  bladder  which  was  connected  to  a 
hydraulic  cylinder.  The  bladder  was  contained  on  the  outside 
diameter  b/  an  outer  closure  ring  and  top  and  bottom  closure 
plates.  The  bladder  was  contained  on  the  inside  diameter  by  the 
test  ring  and  spacer  rings.  The  spacer  rings  were  sized  to 
give  an  assembled  height  with  the  test  ring  in  place  which  was 
0.005  in.  less  than  the  outer  closure  ring.  The  bladder  was 
oversized  for  the  cavity  in  the  rig  and  this  combined  with  its 
thin  wall  ensured  that  the  bladder  supported  a  negligible  por¬ 
tion  of  the  hydraulic  loading.  The  hydraulic  system  was  filled 
and  bled.  The  hydraulic  cylinder  was  loaded  in  a  tinius-Olsen 
testing  machine.  Load  v/as  measured  by  an  internal  load  cell 
in  the  testing  machine.  This  load  was  converted  to  hydraulic 
pressure  and  stresses  were  calculated  using  thick  walled  cylin¬ 
der  relationships. 
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SECTION  IV 


PROPERTIES  OF  IMPACTED  ARCS  AND  SPECIMENS 
3D  CARBON-CARBON  IMPACTED  ARCS 

NONDESTRUCTIVE  TESTING  -  Results  of  the  nondestructive 
monitors  for  the  3DCC  impacted  arcs  are  given  in  Table  4  and 
described  graphically  in  Figure  S3.  The  results  of  the  subjec¬ 
tive  NDT  evaluations  are  shown  in  Table  5  and  are  photographic¬ 
ally  documented  in  Figures  53  through  62.  The  ranges  of  monitor 
values  measured  on  specimens  from  the  arcs  are  also  shown  in 
Table  4  to  give  reinforcement  to  the  magnitudes  of  the  monitors 
on  the  arcs  and  an  impression  o',  the  variability  of  the  moni¬ 
tors  with  position  on  the  arcs. 

Visual  (1X-10X)  inspection  of  the  impacted  arcs  indicated 
structure-change  starting  at  the  lowest  impulse  level  of  1.03 
kilo taps ,  Arc  8-AR-8.  Structure-changes  detected  at  this  level 
were  radial  spall  from  one  machined  edge,  bulk  and  aligned 
delaminations  in  edges,  slight  radial  protrusion  from  front 
and  rear  faces,  and  occasional  spall  of  radial  ends  from  rear 
face.  Figure  54.  A  rear  delamination  located  about  0.1  in. 
from  the  rear  face  was  detected  at  2.20  kilotaps.  Arc  8-AR-2, 
Figure  55.  In  addition,  matrix  spall  from  around  radials  on  the 
front  face  was  also  detected  at  this  level.  Front  yarn  lift 
(circumferentials)  at  one  edge  was  detected  at  3.045  kilotaps. 

Arc  8-AR-7 ,  Figure  56,  and  matrix  spall  from  the  edges  was 
detected  at  3.36  kilotaps,  Arc  8-AR-5,  Figure  57.  Increased 
bulk  and  rear  delaminations,  rear  radial  recession,  and  a 
single  front  face  crack  were  detected  at  5.3$  kilotaps.  Arc  8- 
AR-1,  Figure  58.  A  gross  mid-thickness  delamination  with  bulk 
de laminations,  gross  rear  yarn  lift  and  matrix  spall,  and  a 
through-thickness  crack  were  detected  at  7.56  kilotaps,  Arc  8- 
AR-6 ,  Figure  59.  At  the  highest  impulse  level  of  7.88  kilotaps. 
Arc  8-AR-3,  structure-change  was  similar  to  the  7.56  kilotap 
level  except  the  specimen  was  totally  separated  near  its  middle. 
Figure  60. 

Visual  (10X)  inspection  did  not  reveal  any  new  structure- 
change  . 

The  group  radiograph  is  shown  in  Figure  61.  In  comparing 
the  before  hit  and  after  hit  radiographs,  no  structure-rchange 
was  detected  for  the  1.03,  1.64  and  2.20  kilotap  levels;  Arcs  8- 
AR-8 ,  8-AR-4  and  8-AR-2.  Circumferential  low-absorptive  align¬ 
ments  measuring  0.6  and  0.7  in.  long  were  detected  at  0.1  in.  from 
the  rear  face  at  3.045  kilotaps.  Arc  8-AR-7.  Continuous,  cir¬ 
cumferential  low-absorptive  alignment  at  0.1  and  0.35  in.  from 
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the  rear  face  and  some  volume  oriented  low-absorptive  alignments 
were  detected  at  3.36  kilotaps,  Arc  8-AR-5.  Increased  circum-  {  ) 

ferential  low-absorptive  alignments  at  0.1,  0.2,  0.3,  and  0.4  in. 
from  the  rear  face  were  detected  at  5.39  kilotaps.  Arc  8-AR-l. 

Gross  circumferential  alignments  at  0.1  and  0.3  in.  from  the 
rear  face  and  missing  material  from  the  rear  face  were  detected 
at  7.56  and  7.88  kilotaps,  Arcs  8-AR-6  and  8-AR-3.  Aslo,  a 
near  through-thickenss  radial  low-absorptive  alignment  was 
revealed  near  the  middle  of  Arc  8-AR-5  at  the  7.56  kilotap  level. 

Photomicrographs  (50X  before  reduction)  are  shown  in  Figure 
62.  Except  for  Arc  8-AR-2  at  the  2.20  kilctap  level,  no  gross 
macro  structure-change  was  particularly  obvious  in  single  plane 
sections  at  up  to  the  5.39  kilotap  level.  At  the  2.20  kilotap 
level,  a  circumferential  separation  was  detected  at  0.1  in.  from 
the  rear  face  even  in  single  plane  inspection.  The  separation 
occurred  at  a  circumferential/axial  bundle  interface  and  was  about 
macro-level  structure-changa  consisted  of  fractured  circumferentials 
and  circumferential  separatic is  through  axial  bundles.  Gross 
macro  delaminations  were  incurred  at  the  7.56  and  7.88  kilotap 
levels. 

The  results  of  the  monitors  versus  impact  level  for  AVCO 
3DCC  arcs  are  plotted  in  Figure  63.  The  monitors  bulk  density 
and  thickness  measurements  indicated  slight  material  compaction 
at  the  lower  impact  levels  and  material  expansion  at  the  higher 
levels  up  through  3.045  kilotaps  and  expansion  above  this  level.  ) 

The  magnitudes  of  the  decreases  in  thickness,  0.001  in.,  at  the 
lower  impact  levels  would  not  usually  be  considered  significant, 
but  -.he  significant  and  consistent  increases  in  bulk  density  lend 
weight  to  the  thickness  changes.  Open  porosity  measurements 
provided  uniform  values  from  the  virgin  arc  through  the  3.045 
kilotap  level.  For  these  impulse  levels,  the  virgin  specimen  had 
the  highest  open  porosity  of  11.8  percent  with  the  1.03  kilotap 
level  specimen  having  the  lowest  at  10.5  percent.  Open  porosity 
increased  to  12.2  and  13.0  percent  at  the  3.36  and  5.39  kilotap 
levels,  respectively.  Ultrasonic  transmission  measurements  also 
indicated  no  significant  structure-change  up  to  3.045  kilotaps. 

The  transmission  values  ranged  from  28.5  to  26  added  dB  over  this 
range  with  the  virgin  arc  naving  a  transmission  of  28  added  dB. 

Transmission  at  3.36  and  5.39  kilotaps  decreased  significantly  to 
17  and  19  added  dB,  respectively.  Radial  velocity  was  measured  at 
both  ends  of  the  arc  and  at  the  center.  The  values  in  Table  4 
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are  minimum  and  maximum  valueB.  The  minimum  values,  which  were 
considered  more  revealing  of  structure-change ,  indicated  no  change 
below  2.20  kilotaps,  ranging  from  0.1966  in. /usee  at  2.20  kilotape 
to  0.2025  in. /usee  at  1.03  kilotaps  (minimum  values).  Minimum 
values  ranged  from  0.1857  in. /usee  at  3.045  kilotaps  to  0.1585 
in. /usee  at  4.39  kilotaps.  Maximum  and  minimum  values  of  radial 
velocity  for  the  various  impulse  levels  are  plotted  in  Figure  63. 

Comparison  of  thickness  and  radial  sonic  transmission 
measurements  before  and  after  the  MOE  evaluations  indicate  that 
flexing  the  arcs  had  negligible  effect. 

MECHANICAL  EVALUATIONS  -  The  results  of  evaluations  of 
flexural  modulus  are  given  in  Table  4  and  plotted  in  Figure  63. 
Tensile  and  compressive  properties  are  given  in  Table  6  and 
are  plotted  in  Figures  64,  65  and  66.  Tensile  and  compressive 
stress  strain  curves  are  included  in  Appendix  G.  The  flexural 
moduli  in  Table  4  and  Figure  63  probably  are  not  engineering  values. 
The  high  modulus  of  the  3DCC  material,  the  load  levels  imposed  and 
the  proportions  of  the  arcs  combined  to  give  very  small  deflection 
signals  from  the  flexural  evaluations.  Shear  deflections  aggra¬ 
vated  by  the  delaminations  inherent  in  this  material  and  arc 
general  compaction  were  included  in  the  deflection  signal  measured 
and  were  probably  large  relative  to  the  pure  bending  deflection 
which  was  desired.  They  do  reflect  structural  change  and  their 
relative  magnitudes  should  give  a  good  approximation  of  the 
change  in  flexural  modulus  expected.  The  flexural  modulus  of  the 
virgin  specimen  was  not  comparable  to  those  of  the  impacted  arcs 
since  a  different  testing  geometry  was  required.  The  flexural 
modulus  of  the  impacted  specimens  showed  a  reasonably  consistent 
decrease  with  increasing  impact  level.  The  most  meaningful  display 
of  this  consistency  is  shown  in  Figure  66,  a  plot  of  retained 
modulus  versus  impact  level.  The  base  for  this  plot  of  flexural 
modulus  was  obtained  by  extrapolation  of  the  data  for  the  impacted 
arcs  back  to  a  zero  level  of  impact.  The  only  significant  deviation 
from  a  linear  relation  between  the  retained  flexural  modulus  and 
impact  level  was  at  the  5.390  kilotap  level.  At  this  level  data 
from  the  lower  impact  levels  would  have  predicted  a  zero  retained 
flexural  modulus  rather  than  the  measured  18  percent. 

Of  the  tensile  and  compressive  data.  Table  6  and  Figures 
64,  65  and  66,  only  the  tensile  modulus  at  room  temperature  and 
compressive  strength  at  room  temperature  and  4500#F  showed  con¬ 
sistency.  The  tensile  modulus  decreased  from  about  12.8  x  10* 
psi  for  the  virgin  material  (AHP  data)  to  7.09  x  10‘  psi  for 
specimens  from  Arc  8-AR-5,  5.39  kilotaps.  The  minimum  tensile 
strength  was  more  consistent  than  the  average  strength  and  had 
values  at  room  temperature  of  11,500  psi  for  the  virgin  material 
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(AHP  data) ,  11,040  psi  at  1.030  kilotaps,  10,600  psi  for 
2.200  kilotaps  and  9,280  psi  for  3.360  kilotaps.  At  3000°F  the 
minimum  tensile  strength  values  were  16,240  psi  for  1.030  kilotaps 
18,400  psi  for  2.200  and  16,600  psi  for  3.360  kilotaps.  No 
data  were  available  at  3000 °F  for  the  AHP  material  in  the  circum- 
ferentia.l  direction.  As  one  would  suspect  the  tensile  strength 
was  not  very  sensitive  to  impact  level.  The  structure-changes 
observed  in  the  visual  inspection  were  predominantly  in  the  matrix 
material  between  fibers  and  the  tensile  strength  is  related  to  the 
fibers . 

The  compressive  strength  showed  variation  with  impact  level. 
The  strength  at  room  temperature  was  8,500  psi  for  the  virgin 
material  (AHP  data),  5,760  psi  at  1.640  kilotaps,  4,880  psi  at 
psi  at  3.045  kilotaps,  and  4,030  psi  at  5.390  kilotaps.  At 
3000°F  the  strength  of  the  AHP  material  was  13,000  psi  and  at 
4500°F  for  this  program  the  strengths  were  11,360  psi  for  virgin 
material,  10,970  psi  at  1.640  kilotaps,  10,600  psi  at  3.045 
kilotaps  and  7,430  psi  at  5.390  kilotaps.  Compressive  modulus 
was  not  consistent.  There  were  wide  discrepancies  between  the 
two  values  at  each  temperature  and  impact  level  and  extremely 
low  values  at  4500°F  for  the  specimens  from  8-AR-7,  3.045  kilotaps 
These  low  values  at  4500 °F  were  not  confirmed  by  low  values  at 
room  temperature  for  this  hit  level. 

THERMAL  EXPANSION  OF  3DCC  -  The  thermal  expansion  values  of 
3D  Carbon-Carbon  in  the  axial  and  circumferential  directions  at 
various  impact  levels  are  shown  in  Figures  67  through  70  and 
Tables  7  through  12.  In  each  figure  the  thermal  expansion  of  a 
virgin  specimen  of  3D  Carbon-Carbon  evaluated  under  a  previous 
program  is  plotted  for  a  baseline  reference. 

Note  that  the  expansion  of  the  impacted  material  was  always 
higher  than  that  of  the  virgin  material.  The  difference  was 
most  pronounced  in  the  axial  direction  on  the  material  impacted 
at  a  level  of  5.39  kilotaps.  The  difference  was  only  slight  in 
the  circumferential  direction.  The  reason  for  the  higher 
expansion  of  the  impacted  material  may  be  due  to  separations 
between  fabric  and  matrix.  When  the  fabric  and  matrix  separate, 
the  expansion  will  no  longer  be  controlled  by  the  fabric.  Lack 
of  influence  from  the  fabric  would  allow  greater  expansion. 

In  Figures  67  and  68  duplicate  runs  were  made  to  50Q0°F  on 
the  same  specimen  and  in  both  cases  the  values  measured  during 
the  second  run  after  initial  exposure  to  5O0O°F  were  lower  than 
those  of  the  first.  The  slight  inflection  of  the  slope  above 
4000°F  on  all  runs  indicates  some  instability  of  this  material 
at  5000°F. 
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THERMAL  CONDUCTIVITY  -  The  thermal  conductivity  of  3DCC 
in  the  radial  direction  at  two  impact  levels,  1.03  and  2.20 
kilotaps,  is  shown  in  Figure  71  and  Tables  13  and  14.  No 
trend  in  values  was  detected  with  impact  level.  A  smooth 
curve  was  fitted  to  all  the  data  and  the  values  decreased  from 
275  Btu  in. /hr  ft2  °F  at  100°F  to  a  minimum  of  132  Btu  in. /hr 
ft2  °F  at  3300°F,  above  which  the  values  increased  to  175  Btu 
in. /hr  ft2  °F  at  5000°F. 

The  thermal  conductivity  of  the  virgin  material  determined 
previously  (AKP  program)  was  lower  than  the  impacted  material. 

The  reason  for  this  anomoly  probably  is  that  the  virgin  material 
had  a  lower  density  and  velocity  than  the  impacted  material. 

The  respective  densities  were  1.63  gm/cm3  and  1.68  gm/cm3  and 
the  velocities  were  0.181  in./ysec  compared  to  0.20  in./ysec. 

Due  to  this  density  variation  the  effect  of  impact  level  could 
not  be  determined  since  the  base  line  data  does  not  appear  to 
be  representative  of  present  specimens  of  3DCC  before  impact. 

The  increase  in  conductivity  above  3000°F  is  typical  for 
some  CC  materials.  As  has  been  indicated  with  the  results  of 
the  expansion  evaluations  the  material  is  not  stable  at  higher 
temperatures.  Supporting  this  is  the  fact  that  the  second  run 
(after  initial  exposure  to  50C0°F)  exhibited  a  slightly  lower 
value  in  conductivity. 

FELT  CC  IMPACTED  PLATES 

NONDESTRUCTIVE  TESTING  -  Results  of  the  non-destructive 
monitors  of  the  Felt  CC  impacted  plates  are  shown  in  Table  15 
and  described  graphically  in  Figure  78.  The  ranges  of  values 
of  the  monitors  on  specimens  removed  from  the  plates  are  also 
shown  in  Table  15  to  give  reinforcement  to  the  magnitudes  of 
the  monitors  on  the  plates  and  an  idea  of  the  variability  of 
the  monitors  with  position  on  the  plate3. 

Visual  (1X-1DX)  inspection  of  the  impacted  plates 
indicated  gross  structure-change  at  2.49  kilotaps,  Plate  12-F-14, 
consisting  of  a  gross  dt  nination  and  a  rear  face  crack. 

Figures  72  and  73.  Structure-change  at  this  impact  level  was 
much  more  severe  than  changes  incurred  at  the  higher  impact  levels. 
At  3.07  kilotaps,  Plate  12-F-13,  aligned  hairline  cracking  in  one 
edge  located  about  0.15  in.  fron  the  rear  face  was  detected; 
however,  cracking  was  not  prominent  enough  at  the  surface  for 
photographic  documentation.  At  3.44  kilotaps,  Plate  12-F-10, 
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aligned  cracking  located  about  0.2  in.  from  the  rear  face  in  two 
edges  was  apparent,  *  .gure  74,  and  at  4.14  kilotaps,  Plate  12-F-ll, 
aligned  cracking  located  about  0.2  in.  from  the  rear  face  was 
apparent  in  all  four  edges..  Figure  75.  The  only  surface  varia¬ 
tions  detected  were  at  2.49  kilotaps,  Plate  12-F-14  which 
consisted  of  increased  porosity  and  a  rear  face  crack. 


Visual  inspection  (10X)  detected  no  structure-change  to 
2.43  kilotaps,  and  no  additional  structure-change  to  the  changes 
detected  at  IX  at  any  of  the  nigher  impact  levels. 

The  group  radiograph  is  shown  in  Figure  76.  Specimen  12- 
F-14  at  2.49  kilotaps  showed  a  gross  delamination  for  the  full 
length  of  the  plate.  Otherwise,  no  structure-change  was  indicated 
at  1.21,  2.43  and  3.07  kilotaps.  At  1.7  kilotaps,  Plate  12-F-16, 
some  low -absorptive  alignments  located  about  0.1  in.  from  the 
rear  face  and  running  nearly  the  full  length  of  the  plate  gave 
reason  to  suspect  internal  cracking.  Since  these  plates  were  not 
radiographed  before  impact,  no  definite  conclusion  could  be  made 
from  the  radigraph.  At  3.44  and  4.14  kilotaps,  low-absorptive 
alignments  located  G.25  in.  from  the  re?.:  face  and  at  mid- thickness, 
respectively,  were  apparent.  At  3.44  kilotaps,  Plate  12-F-10, 
the  alignments  extended  nearly  the  full  length  of  the  plate,  and 
at  4.14  kilotaps,  Plate  14-F-ll,  the  alignments  extended  the  full 
length  of  the  plate  and  were  more  severe. 

Photomicrographs  (50X  before  reduction)  are  shown  in  Figure  77. 
No  macro  structure-cnange  was  indicated  at  any  of  the  impact 
levels  except  ir.  12-F-14  at  2.49  kilotaps.  As  shown,  missing 
material  from  a  zone  located  between  the  gross  delamination  and 
the  rear  face  was  apparent.  Macro  cracking  or  delamination 
was  also  apparent  at  3.44  and  4.14  kilotaps.  Material  adjacent 
to  the  macro  cracking  was  virgin-appearing. 

Liquid  penetrants  (Partek)  detected  some  aligned  cracking 
in  two  edges  at  2.43  kilotaps,  Plate  12-F-l.  In  addition,  pene¬ 
trants  revealed  aligned  cracking  in  the  third  face  of  Plate  12- 
F-10  at  3.44  kilotaps  (cracking  in  two  faces  by  visual  IX)  and 
rear  face  porosity  xn  12-F-14  at  2.49  kilotaps. 


The  results  of  the  monitors  versus  impulse  level  for  Felt  CC 
places  are  plotted  in  Figure  78.  In  general  the  NDT  monitors 
did  not  indicate  appreciable  structure-change  below  the  4.140 
kilotap  level,  excepting  12-F-14  at  2.49  kilotaps.  The  major 
exception  to  this  was  the  bulk  density  of  the  plate  12-F-l  which 
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was  far  lower  than  the  other  plates.  The  low  density  apparently 
existed  before  flyer  plate  impact  since  the  other  NDT  monitors 
did  not  detect  any  significant  deviations  in  this  plate.  At 
4.14  kilotaps,  significant  shifts  in  open  porosity,  velocity,  and 
ultrasonic  transmission  were  measured.  Open  porosity  was  16.1 
percent,  velocity  was  0.1034  in./ysec  (lowest  value),  and  trans¬ 
mission  was  18  added  dB.  The  average  values  at  all  of  the  other 
impulse  levels  (including  virgin)  were  open  porosity  of  12.0  per¬ 
cent  (range  10.3  -  13.1  percent),  velocity  of  0.1084  in. /nsec 
(range  0.1057  -  0.1128  in./usec),  and  transmission  cf  38  added 
dB  (range  37-40  added  dB) .  Monitor  effectiveness  was  hampered 
by  the  lack  of  values  before  flyer  plate  impact. 

Comparison  of  thickness,  radial  velocity  and  radial  ultra¬ 
sonic  transmission  measurements  before  and  after  MOE  evaluations 
indicated  that  flexing  had  essentially  no  effect  on  the  plates. 

MECHANICAL  EVALUATIONS  -  The  results  of  flexural  modulus 
evaluations  on  Felt  CC  are  shown  in  Table  15  and  Figures  78  and 
82.  Tensile  and  compressive  properties  are  tabulated  in  Table 
17  and  are  presented  graphically  in  Figures  79  through  82. 

Tensile  and  compressive  stress-strain  curves  are  included  as 
Appendix  H.  The  flexural  modulus  value  was  2.37  x  10s  psi 
for  the  virgin  specimen.  Flexural  modulus  values  indicated  es¬ 
sentially  no  change  below  3.070  kilotaps  and  decreases  of  about 
10  percent  at  3.070  kilotaps,  18  percent  at  3.440  kilotaps,  and 
16  percent  at  4.140  kilotaps.  This  indication  of  change  above 
3.070  kilotaps  coincided  with  the  appearance  of  macrocracking 
at  3.070  kilotaps  and  above. 

Plate  12-F-14  had  an  anomalous  response  to  flyer  plate 
impact.  It  exhibited  gross  structure-change  even  though  its  impact 
level,  2.490  kilotaps  was  an  intermediate  value.  Plate  12-F-l 
was  supplied  to  Kaman  Sciences  as  a  replacement  for  Plate 
12-F-14,  The  geometry  of  Plate  12-F-l  differed  from  that  of  the 
other  plates  but  this  was  not  considered  significant.  After 
impact  the  bulk  densities  of  this  plate  and  the  specimens  from 
this  plate  were  low  compared  to  those  of  the  other  plates,  even 
though  none  of  the  other  NDT  monitors  detected  significant  devi¬ 
ations  for  this  plate.  The  compressive  strengths  at  both  70°F 
and  4500°F  of  the  specimens  from  this  plate  were  the  highest 
cf  all  of  the  plates.  Jn  view  of  the  above  data  .  late  12-F-l 
as  well  as  12-F-14  were  concluded  to  have  differed  from  the  other 
plates  prior  to  flyer  plate  impacting  and  cannot  be  compared  to 
them  for  response  after  flyer  plate  impacting. 
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THERMAL  EXPANSION  -  The  thermal  expansion  of  Felt  CC  in 
che  axial  and  circumferential  direction  at  various  impact  levels 
is  shown  in  Figures  83  through  87  and  Tables  18  through  27.  In 
the  axial  direction  the  impact  levels  up  to  3.44  kilotaps  had  no 
effect  on  the  expansion  as  can  be  seen  from  the  excellent  agree¬ 
ment  with  the  values  measured  on  the  virgin  material  evaluated 
previously  (AKP  program.) .  In  the  circumferential  direction  the 
impacted  specimens/  from  1.2  to  4.2  kilotaps,  had  lower  expansions 
than  those  of  the  virgin  material.  No  trend  could  be  detected 
with  level  of  impact.  The  lower  expansion  of  the  impacted 
specimens  is  not  fully  understood;  however,  the  possibility  of 
the  cracked  areas  acting  as  strain  isolators  may  be  the  reason. 

thermal  CONDUCTIVITY  -  The  therraal  conductivity  of  Felt  CC 
in  the  radial  direction  for  both  virgin  and  impacted  specimens 
is  shown  in  Figure  88  and  Tables  28  and  29.  The  impacted 
material  exhibited  somewhat  lower  conductivity  than  that  of  the 
virgin  and  less  than  expected.  No  trend  was  observed  for  the 
two  impact  levels  evaluated. 

R6300  IMPACTED  ARCS 

NONDESTRUCTIVE  TESTING  -  Results  from  prior  evaluations  on 
the  R6300  arcs  are  included  as  Table  30  and  Figure  90  for  reference 
and  a  group  photograph  as  Figure  89.  During  the  earlier 
program  no  significant  change  in  flexural  modulus,  MOE,  had  been 
measured  even  though  significant  structure-change  had  been 
detected  visually.  The  most  probable  cause  for  the  inability 
to  measure  a  MOE  change  was  the  masking  effect  of  the  attached 
aluminum  backing  plate.  Open  porosity  and  radial  ultrasonic 
transmission  (attenuation  in  previous  program)  correlated  somewhat 
with  impact  level. 

Results  from  nondestructive  testing  of  specimens  from  the 
R6300  arc  are  shown  in  Table  31  and  Figure  91.  From  Figure  91 
it  was  obvious  that  open  porosity,  ultrasonic  transmission  and 
ultrasonic  velocity  were  sensitive  monitors  for  the  levels  of 
impact.  Bulk  density  differences  shown  in  Figure  91  are  not 
felt  to  be  attributable  to  impact. 

MECHANICAL  EVALUATIONS  -  Results  of  tensile  and  compressive 
evaluations  on  the  specimens  from  the  R6300  arcs  are  shown  in 
Table  31  and  Figures  92  and  93.  Compressive  strengths  in  both 
axial  and  circumferentieil  directions  seem  to  be  linearly  related 
to  impact  level.  The  tensile  and  compressive  moduli  were  not 
changed  by  impact  levels.  Only  if  the  data  from  the  AHP  program 
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are  used  for  virgin  values  does  any  change  in  tensile  strength 
due  to  impact  appear  significant.  The  tensile  strengths  from 
the  AHP  program  were  respectively  5/800  psi  and  9,000  psi  in  the 
axial  and  circumferential  directions.  The  tensile  strengths  at 
0.49  kilotaps  were  3,480  psi  and  6,800  psi  and  at  1.99  kilotaps 
3,040  psi  and  7,260  psi  in  the  same  order  as  above.  Compressive 
strengths  in  the  axial  and  circumferential  directions  changed 
almost  linearly  from  27,600  and  30,960  psi  for  the  virgin  speci¬ 
mens  to  17,700  and  16,170  psi  at  4.04  kilotaps.  Radial  sonic 
velocity  and  open  porosity  would  seem  to  be  useful  as  monitors 
of  compressive  strength  after  impact  but  monitors  for  other 
properties  seemed  to  be  lacking. 

3D  QUAl-TZ-PHENOLIC  IMPACTED  ARCS 

NONDESTRUCTIVE  TESTING  -  Results  from  the  prior  NDT  evalu¬ 
ations  on  the  3D  Quartz  Phenolic  arcs  are  presented  as  Table  32 
and  Figure  95  for  reference.  A  group  photograph  of  the  arcs  is 
included  as  Figure  94.  During  this  earlier  program  significant 
changes  in  flexural  modulus,  MOE,  were  measured  and  a  remarkably 
strong  correlation  with  ultrasonic  attenuation  (transmission) 
was  indicated.  Ultrasonic  velocity  correlated  very  well  up  to 
the  level  where  the  signal  became  attenuated.  Bulk  density, 
open  porosity  and  thickness  changes  also  correlated  with  flexural 
modulus  changes  but  their  sensitivity  was  such  less  than  the 
ultrasonic  monitors. 

Results  from  the  NDT  evaluations  on  the  specimens  from  the 
3D  Quartz  Phenolic  arcs  are  shown  in  Table  33  and  Figure  94. 

Unlike  the  NDT  on  the  arcs,  the  monitors  on  the  specimens  were 
not  sensitive  to  level  of  impact  up  to  7.95  kilotaps.  In 
particular  ultrasonic  transmission  indicated  essentially  no 
change  at  all.  Above  7.95  kilotaps  bulk  density  and  open  porosity 
changed  linearly  with  change  in  impact  level. 

Visual  inspection  of  the  specimens  revealed  little  that  had  not 
been  noted  earlier  for  the  arcs.  Generally  for  the  lower 
levels  of  loading,  occasional  (volume)  cracking  was  observed  and 
for  the  higher  levels  aligned  cracking  and  delamination  primarily 
at  midthickness  were  observed.  The  aligned  cracking  increased 
in  severity  with  increasing  impact  level. 


MECHANICAL  EVALUATIONS  -  Results  of  ^tensile  end  compressive 
properties  evaluations  on  specimens  from  the  Quartz-Phenolic 
arcs  are  shown  in  Table  33  and  Figures  9 7  and  98.  Axial  tensile 
strength  decreased  linearly  from  42,400  psi  for  the  virgin 
specimens  (AKP  data)  to  32,590  psi  at  7.95  kilotaps.  At  9.88 
kilotaps  the  axial  tensile  strength  dropped  sharply  to  21,470 
psi.  Similar  trends  were  observed  for  the  circumferential  ten¬ 
sile  data  with  a  linear  decrease  from  69,900  psi  for  the  virgin 
specimens  (AHP  data)  to  51,650  psi  at  7.95  kilotaps.  A  sharp 
drop  in  strength  to  21,500  psi  at  9.88  kilotaps  was  also 
similar  to  that  for  the  axial  strength.  Compressive  strength 
decreased  approximately  linearly  from  28,800  psi  and  26,080  psi 
in  the  axial  and  circumferential  directions  for  the  virgin  speci¬ 
mens  to  11,180  psi  and  11,520  psi  at  9.01  kilotaps.  Tensile 
moduli  showed  only  slight  change  with  impact  level.  The  tensile 
moduli  in  the  axial  and  circumferential  directions  decreased 
from  2.14  x  10s  psi  and  3.57  x  10 *  psi  for  the  virgin  specimens 
(AHP  data)  to  1.46  x  10*  psi  and  2.31  x  10*  psi  at  9.88  kilotaps. 
The  compressive  moduli  in  the  axial  and  circumferential  directions 
showed  a  small  decrease  from  2.65  x  10*  psi  and  2.78  x  10*  psi 
for  virgin  specimens  to  1.73  x  10*  psi  and  2.33  x  10*  psi  at 
9.01  kilotaps.  Again  the  AHP  data  were  lower  than  the  virgin 
data  from  this  program.  The  NDT  monitors  seemed  to  correlate 
somewhat  with  strength  in  that  they  showed  small  decreases  from 
the  virgin  specimens  up  to  7.95  kilotaps  and  a  sharper  decrease 
to  9.88  kilotaps. 

3D  CARBON-PHENOLIC  PORTION  OF  3DC/QP  IMPACTED  ARCS  tl5A 

NONDESTRUCTIVE  TESTING  -  Results  from  the  prior  NDT  evalu¬ 
ations  on  the  3D  Carbon/Quartz -Phenolic  impacted  arcs  are 
presented  as  Table  34  and  Figure  100  for  reference.  A  group 
photograph  of  the  arcs  is  shown  as  Figure  99.  During  these  prior 
evaluations  flexural  modulus  (MOE)  decreased  approximately  line¬ 
arly  with  increasing  impact  level.  As  for  the  3D  Quartz/Phenolic 
ultrasonic  attenuation  (transmission)  was  a  very  good  correlator 
for  MOE.  Bulk  density,  open  porosity  and  thickness  changes 
showed  some  correlation  to  (but  were  not  very  sensitive)  MOE 
changes. 

Results  from  the  NDT  evaluations  on  the  specimens  from  the 
3D  Carbon-Phenolic  portion,  I15A,  of  the  3DC/QP  impacted  arcs 
are  shown  in  Table  35  and  Figure  101.  The  NDT  monitors  for  the 
specimens  generally  correlated  with  impact  level  but  were  less 
sensitive  to  changes  in  impact  level  than  they  were  for  the  arcs. 

Ultrasonic  transmission  dropped  significantly  from  the  virgin 
speciroens  to  the  first  impact  level,  4. 09  kilotaps,  but  showed 
little  change  above  this  level.  Bulk  density  and  open  porosity 
changes  showed  correlation  with  impact  level  similar  to  those  for 
the  arcs. 
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Visual  inspection  of  the  specimens  generally  showed  the 
same  structure-changes  as  had  been  observed  earlier  for  the 
arcs.  These  structure-changes  were  volume  cracking  at  the  lowest 
impact  level,  4.09  kilotaps;  increased  volume  cracking  with  oc¬ 
casional  failed  radials  at  4.69  kilotaps;  aligned  cracking  at  the 
center  of  the  Carbon-Phenolic  portion  of  the  arc  at  5.18  kilotaps; 
and  delaminations  near  the  center  of  the  Carbon-Phenolic  portion 
of  the  arcs  at  the  two  highest  impact  levels,  6.06  and  6.51  kilo¬ 
taps.  The  failure  of  ultrasonic  transmission  as  a  monitor  of 
the  impact  level  above  4.69  kilotaps  is  probably  associated  with 
the  appearance  of  failed  radials  and  delaminations . 

MECHANICAL  EVALUATIONS  -  Results  of  the  evaluations  of  ten¬ 
sile  and  compressive  properties  of  specimens  from  the  Carbon- 
Phenolic  portion  of  the  3DC/QP  arcs  are  shown  in  Table  35  and 
Figures  102  and  103.  Both  tensile  and  compressive  strengths  de¬ 
creased  almost  linearly  from  the  virgin  material  to  the  highest 
impact  levels  tested.  Axial  tensile  strength  decreased  from 
16,980  psi  for  the  virgin  specimtns  to  1,240  pci  at  the  5.06 
kilotaps.  The  circumferential  tensile  strength  decreased  from 
22,520  psi  for  the  virgin  specimens  tc  200  psi  at  6.06  kilotaps. 

These  tensile  strengths  at  6.06  kilotaps  can  be  considered  essen¬ 
tially  zero.  Compressive  strengths  decreased  from  about  22,090 
psi  for  both  axial  and  circumferential  virgin  specimens  (AHP  data) 
to  about  5,100  psi  and  4,200  psi  in  the  axial  and  circumferential 
directions  respectively  at  6.5  kilotaps. 

Modulus  values  were  difficult  to  obtain  for  these  specimens. 

The  extensive  structure-changes  prevented  the  material  from 
behaving  as  a  homogeneous  materiel  and  this  caused  erratic  strain 
behavior.  Modulus  values  were  obtained  for  axial  tensile  specials, 
and  circumferential  compressive  specimens.  Axial  tensile  raoduJus 
decreased  about  linearly  from  6.63  x  10*  psi  for  tko  virgin  specimens 
to  0.24  x  10*  psi  at  6.06  kilotaps.  Circumferential  tensile  modulus 
was  6.10  x  1C*  psi  for  the  virgin  specimens  and  1.25  x  10*  psi  at 
4.69  kilotaps.  Circumferential  compressive  modulus  decreases 
eratically  from  6. SI  x  10*  psi  for  the  virgin  specimens  to  5.20  x  10* 
psi  at  5.18  kilotaps  and  decreased  sharply  to  0.96  x  10*  psi  at 
6.5  kilotaps. 

The  essentially  linear  decrease  in  tensile  and  compressive 
strengths  and  tensile  moduli  with  impact  level  agreed  with  the 
approximately  linear  response  of  MOE  for  the  complete  Arcs.  The 
regular  progression  of  structure-changes  with  impact  level  were 
thus  reflected  in  flexural,  tensile  and  compressive  properties  of 
the  Carbon-Phenolic  portion  of  the  3DC/QP  material. 


3D  QUARTZ -PHENOLIC  PORTION  OF  3DC/QP  IMPACTED  ARCS  *15B 

NONDESTRUCTIVE  TESTING  -  Results  from  the  prior  NDT  evalu¬ 
ations  on  the  3D  Carbon/Quartz-Phenolic  are  shown  in  Table  34 
and  Figure  100  and  were  discussed  in  the  preceding  section  on  the 
3D  Carbon-Phenolic  portion  of  the  3DC/QP  arc. 

The  results  from  the  NDT  evaluations  on  the  specimens  from 
the  3D  Quartz -Phenolic  portion,  #15B,  oi  the  3DC/QP  'mpacted 
arcs  are  shown  in  Table  36  and  Figure  104.  The  NDT  monitors  for 
these  specimens  seem  to  correlate  generally  with  impact  level  but 
are  less  sensitive  than  these  same  monitors  on  the  #15A  specimens. 
Some  structure-change  is  indicated  by  the  monitors  but  significant 
changes  were  observed  from  visual  inspection  of  the  specimens 
only  at  tne  highest  impact  level,  6  5  kilotaps.  Visual  inspection 
of  the  arcs  earlier  had  revealed  some  volume  cracking  at  the  lower 
impact  levels  and  aligned  jrk  -king  near  the  inner  surface  at  the 
highest  impact  level,  6-J  kilo  os. 

MECHANICAL  EVALUATIONS  -  Results  of  the  tensile  and  compress¬ 
ive  properties  evaluations  on  specimens  from  the  Quartz-Phenolic 
portion  of  the  3DC/QP  impacted  arcs  are  shown  in  Table  36  and 
Figures  105  and  106.  Tensile  strengths  in  Table  36  and  Figure  105 
do  r.ot  represent  ultimate  strengths.  All  specimens  failed  in  the 
grip  section.  The  failures  were  due  to  a  combination  of  bending 
and  shear.  The  strengths  tabulated  and  plotted  represent  a 
lower  bound  above  which  the  ultimate  tensile  strengths  will  lie. 

The  axial  tensile  stress  in  the  virgin  specimens  at  failure  was 
35,500  psi  which  was  about  25  percent  less  than  the  ultimate  tensile 
strength  from  the  AHP  program  of  5?, 550  psi-  The  circumferential 
tensile  stress  xn  the  virgin  specimen  was  35,900  psi  compared  to 
78,200  psi  for  the  ultimate  from  the  AHP  program.  Specimen 
15B-AR-V-T4C  was  run  ones  for  modulus.  The  gage  section  was  then 
reduced  in  an  attempt  to  give  a  tensile  failure  m  the  gage 
section.  This  specimen  was  broken  in  leading  into  the  load  train. 

The  axial  compressive  strengths  decreased  almost  linearly 
with  impact  level  from  46,800  psi  for  the  virgin  specimens  (AHP 
data)  to  17,200  psi  at  6.5  kilotaps  The  circumferential  com¬ 
pressive  strength  decreased  approximately  linearly  from  47,400 
psi  for  the  virgin  material  (AHP  data':  to  16,300  psi  at  6.5 
kilotaps . 
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The  modulus  values  showed  little  change  with  increasing 
impact  level.  The  axial  tensile  modulus  decreased  from  2.20  x  10 6 
psi  for  the  virgin  specimens  to  1.62  x  10s  psi  at  4.69  kilotaps 
and  then  increased  again  to  2.12  x  10 6  psi.  Circumferential 
tensile  modulus  decreased  slightly  from  3.16  x  10 6  psi  for  the 
virgin  sp|cimens  to  3.03  x  10s  at  4.69  kilotaps  and  returned  to 
3.16  x  10*  psi  at  6.06  kilotaps.  Axial  compressive  modulus  de¬ 
creased  approximately  linearly  from  3.42  x  10 6  psi  for  virgin 
specimens  (AHP  data)  to  2.37  x  10 6  psi  at  6.5  kilotaps.  Circum¬ 
ferential  compressive  modulus  behaved  irregularly,  decreasing 
from  3.50  x  10 6  psi  for  virgin  specimens  to  2.84  x  10 6  psi  at 
4.09  kilotaps  and  then  increasing  to  3.26  x  10 6  psi  at  6.5  kilo¬ 
taps. 

The  only  properties  of  these  specimens  which  agreed  well  with 
the  linear  decrease  of  MOE  with  impact  level  on  the  complete  arcs 
were  the  compressive  strengths.  Had  the  failure  mode  of  the  ten¬ 
sile  specimens  been  tensile  it  is  probable  that  tensile  strengths 
would  have  also  agreed  with  the  linear  MOE  response.  Tensile  and 
compressive  moduli  did  not  agree  with  the  MOE  response. 
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SECTION  V 


DISTRIBUTION  OF  STRUCTURE-CHANGE  IN  ARCS 

A  study  was  made  to  determine  distribution  in  the  plane  of 
the  cylinder  of  structure -change  within  a  given  arc.  Radial 
differences  were  obvious  but  not  inspected  quantitatively. 

The  primary  tools  used  were  radiography  of  arcs  and  specimens 
from  the  arcs  and  visual  inspection.  Correlations  were  then  made 
between  these  results,  other  NDT  monitors  and  mechanical  property 
results  on  specimens.  Observe  that  a  specimen  represents  a 
sample  from  an  arc. 

3D  CARBON-CARBON 

Radiographs  of  Arcs  8-AR-8,  8-AR-4  and  8-AR-2  indicated  no 
structure-change.  Radiographic  and  visual  inspections  of  speci¬ 
mens  from  Arcs  8-AR-8  and  8-AR-4  indicated  no  structure-change. 

NDT  monitor  results  and  mechanical  property  results  from  these 
specimens  were  similar  and  this  indicated  uniform  distribution 
of  any  structure-change.  Radiographic  inspection  of  Specimen 
8-AR-2-T1C  revealed  a  circumferential  low-absorptive  alignment  over 
the  full  length  of  the  specimen.  Aligned  cracking  was  detected 
visually  about  0.10  in.  from  the  rear  face  of  the  specimen. 

From  the  mechanical  property  results  at  70 °F,  Specimen  8-AR-2-T1C 
had  a  tensile  strength  of  10,600  psi  and  elastic  modulus  of  5.97 
x  106  psi  which  were  significantly  lower  than  values  for  8-AR-2-T4C 
of  16,100  psi  and  10.3  x  106  in.  respectively.  Thus,  neither 
structure-change  nor  retained  properties  were  uniform  in  Arc  8-AR-2. 
The  mechanical  property  results  at  3000°F  and  NDT  monitor  results 
of  these  specimens  were  similar  indicating  similar  structures. 

Structure-change  was  detected  by  radiography  rn  bulk  arcs 
at  3.045  kilotaps.  Arc  8-AR-7.  This  change  was  indicated  by  low- 
absorptive  alignments  near  both  ends  of  the  arc.  A  positive 
print  of  the  radiograph  was  given  in  Figure  61,  and  a  sketch  show¬ 
ing  this  result  is  given  in  Figure  107.  Radiographs  of  specimens 
from  this  arc  revealed  increased  volume  oriented  low-absorptive 
alignments  in  the  gage  of  Specimens  8-AR-7-C1C  and  8-AR-7-C3C. 
Specimen  8-AR-7-C1C  was  considered  more  severe  than  8-AR-7-C3C. 
Further,  the  radiographs  of  the  specimens  clearly  showed  the  low- 
absorptive  alignments  detected  in  the  ends  of  the  bulk  arc  to 
lie  only  in  Specimens  8-AR-7-C1C  and  8-AR-7-C3C.  Thus,  the  struc¬ 
ture-change  was  not  only  located  at  the  ends  of  the  arc  but  was 
also  local  to  one  edge.  From  the  mechanical  property  results  at 
70°F,  Specimen  8-AR-7-C1C  had  a  slightly  lower  strength  and  sig¬ 
nificantly  lower  modulus  than  Specimen  8-AR-7-C3C.  These 
strength  and  modulus  values  were  4,600  psi  and  4.82  x  106  psi  for 
Specimen  8-AR-7-C1C  and  5,100  psi  ami  7.26  x  106  for  Specimen 
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8-AR-7-C3C.  NDT  monitor  results  for  the  specimens  were  similar 
except  that  radial  velocity  for  Specimen  8-AR-7-C3C  was  higher, 
0.2166  in./ysec  for  Specimen  8-AR-7-C3C  and  0.1950  in. /nsec  for 
Specimen  8-AR-7-C1C.  At  4500°F  the  mechanical  property  results 
were  similar.  Strengths  and  modulus  values  were  10,400  psi  and 
0.62  x  106  psi  for  Specimen  3-AR-7-C2C  and  10,900  psi  and  0.89 
x  10 6  psi  for  Specimen  8-AR-7-C4C.  It  should  be  pointed  out  that 
these  values  for  modulus  (4500°F)  did  not  align  with  the  values 
measured  at  the  other  impact  levels.  For  example,  at  1.640  k*lo- 
taps  the  average  modulus  was  3.24  x  10*  psi  and  at  5.39  kilotaps 
the  average  modulus  was  1.94  x  10*  psi.  NDT  monitor  results  for 
the  4500°F  specimens  indicated  no  significant  variation  of  struc¬ 
ture-change.  This  entire  arc  had  significant  structure-change 
but  the  change  in  NDT  monitors  and  retained  properties  were  not 
the  same  quantitatively. 

Increased  structure-change  was  detected  by  radiography  at 
3.360  kilotaps,  (Arc* 8-AR-5) ,  Figure  108.  Continuous  low-absorptive 
alignments  were  detected  at  0  10  and  0,35  in.  from  the  rear  face. 
Structure-change  showed  slight  increase  in  intensity  towards 
the  ends  of  the  arc.  Radiographic  results  on  the  specimens  indi¬ 
cated  similar  structures  for  all  the  specimens. 

NDT  monitor  and  mechanical  results  on  specimens  from  ARC  8- 
AR-5  indicated  some  variation  in  values,  but  these  were  not  sig¬ 
nificant  enough  to  be  conclusive  of  variations  in  structure-change. 
Tensile  strengths  at  70°F  were  9,300  and  10,800  psi  and  at  3000°F 
were  18,600  and  16,600  psi.  Modulus  at  70°F  for  all  four  speci¬ 
mens  ranged  from  6.47  x  10*  to  8.09  x  10*  psi.  Density  ranged 
from  1.670  to  1.677  gm/cm3 ;axial  velocity  from  0.4026  to  0.4682 
in. /nsec  (mean  and  standard  deviation  for  all  specimens  from  the 
3DCC  Arcs  were  0.4382  in./ysec  and  0.0251  in./ysec):  circumfer¬ 
ential  velocity  ranged  from  0.3669  to  0.4034  in./ysec  (mean  and 
standard  deviation  for  all  specimens  were  0.3825  in./ysec  and 
0.0090  in./ysec).  Open  porosity  ranged  from  11.2  to  11.7 
percent  indicating  a  slight  increase  over  specimens  from  the  2.20 
and  1.64  kilotaps  impulse  levels.  For  this  arc  structure-change 
and  retained  properties  varied  but  the  degree  of  change  was 
relatively  uniform. 

Increased  structure-change  (over  3.36  kilotaps)  was  detected 
by  radiography  at  5.37  kilotaps  for  Arc  8-AR-l,  Figure  109.  In¬ 
creased,  continuous  circumferential  low- absorptive  alignments  were 
indicated  at  0.1,  0.2,  0.3,  and  0.4  in.  from  the  rear  face.  Again, 
a  slight  increase  in  intensity  was  indicated  toward  the  ends  of 
the  arc.  Radiographic  results  on  specimens  indicated  several  gross 
low-absorptive  alignments  (cracking) .  Distribution  of  cracking 
from  specimen  to  specimen  was  fairly  consistent  with  the  widest 
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single  indication  being  in  Specimen  8-AR-1-C4C  at  0.2  in.  from  the 
rear  face.  Mechanical  results  indicated  similar  strengths  for  the 
respective  evaluations  at  70°P  and  3000°F  with  variations  in  modu¬ 
lus.  At  70  °F,  Specimen  8-AR-1-C2C  had  a  normal  modulus  of  9.0  x 

106  psi,  and  Specimen  8-AR-1-C3C  had  a  lower  value  of  4.86  x  10* 

psi.  At  4500 °F,  Specimen  8-AR-1-C1C  had  a  modulus  of  2.24  x  10 6 

psi,  and  Specimen  8-AR-1-C4C  had  a  decreased  value  of  1.65  x  106 

psi.  NDT  monitors  indicated  no  variation  in  structure-change 
among  the  specimens.  Density  ranged  from  1.651  to  1.662  gm/cm* 
(mean  and  standard  deviation  from  all  specimens  from  the  3DCC  Arcs 
were  1.667  and  0.005  gm/cm*);  radial  velocity  ranged  from  0.2014 
to  0.2144  in. /Msec  (mean  and  standard  deviation  of  all  specimens 
were  0.2023  and  0.0100  in. /usee) ;  circumferential  velocity  ranged 
from  0.3785  to  0.3914  in. /psec  (mean  and  standard  deviation  of 
all  specimens  were  0.3825  and  0.0090  in. /Msec) .  Open  porosity 
ranging  from  19.5  to  20.0  percent  also,  indicating  a  uniform 
structure  for  these  specimens.  For  this  arc,  structure- change  was 
extensive  but  rather  uniform. 

In  summary,  there  was  more  gross  structure-change  observable 
visually  at  the  circumferential  ends  of  the  arcs  but  damage  was 
basically  uniform  in  the  axial  direction,  particularly  at  higher 
impact  levels.  One  could  assess  the  apparent  structure-change 
by  looking  at  the  arcs  axially  and  have  a  fairly  good  impression 
of  structure-change  internally  .  If  one  looked  in  the  circum¬ 
ferential  direction,  the  structure-change  would  erroneously 
appear  more  severe. 


FELT  CC 

Radiographs  and  visual  inspections  on  Plate  12-F-15  (1.21 
kilotaps)  indicated  no  structure-change  (cracking) .  Mechanical 
and  NDT  monitor  results  indicated  similar  results  for  all  speci¬ 
mens  and  therefore  uniform  structure. 

For  Plate  12-F-16  (1.70  kilotaps)  visual  and  radiographic 
inspections  on  the  plate  and  specimens  from  the  plate  indicated 
no  structure-change.  Radiography  revealed  low-absorptive  align¬ 
ments  near  the  rear  face  in  the  plate  which  suggested  cracking; 
however,  visual  inspection  of  the  specimens  later  did  not  confirm 
this.  The  NDT  monitor  and  mechanical  results  for  the  specimens 
were  similar  with  one  exception.  Specimen  12-F-16-T2A  (3000°F) 
had  a  high  modulus  value  of  1.85  x  10*  psi  and  a  low  strain-to- 
failure  of  3.0  x  10~3  in. /in.  For  comparison.  Specimen  12-F-16-T3A 
(3000#F)  had  a  lower  modulus  of  1.23  x  10*  psi  and  a  higher 
strain- to-failure  of  6.6  x  10“*  in. /in.  The  strengths  were  the 
same  at  3,800  psi.  Material  variability  as  indicated  by  the  low- 
absorptive  areas  may  account  for  these  differences. 


42 


For  Plate  12-F-l  (2.430  kilotaps)  visual  and  radiographic 
inspections  on  the  plate  revealed  no  structure-change;  however, 
Partek  penetrant  inspection  revealed  hairline,  aligned  cracking  in 
two  opposite  edges.  This  is  important  since  it  is  near  the  design 
limit,  even  though  this  plate  was  "different."  Post-mechanical, 
visual  and  penetrant  inspections  on  the  specimens  revealed  some 
mid-thickness  hairline  cracks  aligned  axially.  In  the  outer 
Specimens,  12-F-1-C1A  and  -C3A,  these  cracks  extended  away  from 
the  fractured  area  and  near  the  restrained  base  of  the  specimen 
but  were  not  found  in  the  center  Specimen,  -  C2A.  Recall  that  the 
center  Specimen,  12-F-1-C2A,  was  not  fractured  due  to  excessive 
strain  and  overheating  of  the  pushrods.  NDT  monitor  and  mechanical 
results  on  specimens  indicated  uniform  structures  through  the 
bulk  plate.  Even  though  this  may  have  been  a  "nonrepresentative" 
plate,  circumferential  cracks  were  found  in  both  the  plate  and 
specimens  suggesting  uniformity  across  the  arcs. 

Visual  inspection  on  the  Plate  12-F-13  (3.07  kilotaps)  de¬ 
tected  hairline  cracking  at  0.15  in.  from  the  rear  face  on  one 
edge.  No  additional  structure-change  was  revealed  by  radiography.. 

On  specimens  from  this  plate  visual  inspections  indicated  no 
cracking,  but  radiography  indicated  several  short,  low-absorptive 
alignments-cracking  suspected.  NDT  monitors  and  mechanical 
results  were  similar  for  the  specimens  indicating  uniform  struc¬ 
ture.  Thus  structure-change  in  terms  of  circumferential  cracks 
was  rather  uniform  across  the  arcs. 

On  the  Plate  12-F-10  (3.44  kilotaps)  visual  inspection 
revealed  aligned  and  hairline  cracking  in  two  edges  located  about 
0.2  in.  from  the  rear  face.  Radiography  revealed  that  this  cracking 
extended  nearly  the  full  length  of  the  plate.  Liquid  penetrants 
detected  that  the  hairline  cracking  extended  into  the  third  edge. 
Visual  inspection  on  specimens  removed  from  this  plate  revealed 
that  the  cracking  extended  completely  through  all  four  specimens. 

A  sketch  showing  these  results  is  included  as  Figure  110.  The 
NDT  monitor  and  mechanical  results  were  similar  for  all  the 
specimens,  also  indicating  uniform  distribution  of  structure- 
change.  Structure-change  was  rather  uniform  across  this  plate. 

Characterization  of  distribution  in  Plate  12-F-ll  (4.14  kilo¬ 
taps)  was  similar  to  Plate  12-F-10  except  that  cracking  was  more 
severe.  Gross  through  cracking  in  all  four  specimens  was 
revealed  by  visual  inspection.  Figure  111,  Radiography  revealed 
gross  cracking  running  the  full  length  of  Specimen  12-F-ll-ClA  and 
about  80  percent  of  the  length  of  the  other  three  specimens. 

Figure  112.  Hairline  cracking  extended  beyond  the  gross  cracking 
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in  these  three  specimens  for  the  remaining  20  percent  of  the 
specimen  length.  Mechanical  evaluations  indicated  similar 
results  and  uniform  distribution  of  structure-change.  NDT 
monitors  also  indicated  similar  results  except  for  ultrasonic 
transmission  in  Specimen  12-F-11-C1A  whose  value  was  high  at 
24  added  v.B.  Values  for  the  other  three  specimens  ranged  from 
16  to  18.5  added  dB. 

In  summary,  the  structure-change  was  rather  uniform  across 
the  plates  being  perhaps  more  severe  on  the  circumferential  ends 
and  slightly  less  severe  on  the  axial  ends.  Circumferential 
cracks  were  found  near  2.5  kilo taps  and  definitely  above  3  kilotaps. 
Criteria  for  this  material  may  be  small  circumferential  cracks  if 
they  are  "extended"  by  "structural"  loads  during  shock  loading 
or  if  they  c^n  "turn"  and  "run"  in  temperature-stress  loading. 

AVCO  R6300 

No  structure- change  was  indicated  by  any  of  the  data  for  Arc 
10-AR-4  (0.49  kilotaps).  Visual  inspection  revealed  occasional, 
short  (-0.10  in.)  hairline  cracks  in  Arc  10-AR-7  (1.57  kilotaps). 
Radiography  of  the  arc  and  of  specimens  from  the  arc  did  not  reveal 
any  structure-change.  The  NDT  monitors  did  not  show  significant 
variation  among  the  specimens.  The  mechanical  properties,  however, 
showed  a  difference  in  compressive  strength  between  the  two  cir¬ 
cumferential  specimens.  The  strengths  were  28,800  psi  for  Specimen 
10-AR-7-C3C  and  21,000  psi  for  Specimen  10-AR-7-C^C.  Since  there 
were  no  additional  indications  of  more  structure-change  for 
Specimen  10-AR-7-C4C  than  for  the  other  three  specimens  from  this 
arc,  it  cannot  be  concluded  that  the  difference  in  strength  repres¬ 
ents  nonuniform  structure-change.  Visual  inspection  of  specimens 
from  this  arc  indicated  hairline  cracking  in  both  axial  specimens 
but  none  in  the  circumferential  specimens.  These  visual  results 
on  the  specimens  indicate  end  to  end  distribution.  Additional 
indications  were  not  available. 

None  of  the  data  for  Arc  10-AR-6  (1.66  kilotaps)  indicated 
any  structure-change. 

Visual  inspection  of  Arc  10-AR-3  (1.90  kilotaps)  revealed 
aligned,  hairline  cracking  in  the  edges  viewed  axially  but  this 
did  not  extend  to  the  circumferential  ends  of  the  arc.  Radio- 
graphic  inspection  of  this  arc  revealed  occasional  low- absorptive 
alignments  which  correlated  with  the  visual  hairline  cracking. 


Visual  inspection  of  the  specimens  from  this  arc  showed  hairline 
cracking  all  around  both  axial  specimens  at  about  0.10  in.  from 
the  inner  surface  and  in  the  circumferential  Specimen  10-AR-3-C4C. 
In  Specimen  10-AR- 3-C4C  the  hairline  cracking  tended  to  follow  a 
tape  wrap  lamina.  The  only  positive  indication  from  radiography 
of  the  specimens  was  hairline  cracking  in  Specimen  10-AR-3-C4C, 
Figure  114.  Ultrasonic  transmission  for  Specimen  10-AR- 3-C4C  was 
somewhat  lower  at  26  added  dB  than  for  the  other  three  specimens 
(range  28  to  32  added  dB) .  The  other  NDT  monitors  did  not 
indicated  variation  among  the  specimens*.  The  compressive  strength 
of  Specimen  10-AR-3-C4C  was  20,210  ps.i  which  was  significantly 
lower  than  the  27,520  psi  strength  cf  Specimen  10-AR- 3-C3C.  From 
the  above  it  appears  that  the  most  significant  structure -change 
in  this  arc  occurred  at  the  location  of  Specimen  10-AR- 3-C4C  which 
was  at  the  bottom  of  the  arc  away  from  the  indexed  end. 

Visual  inspection  of  Arc  10-AR- 1  (1.99  kilotaps)  revealed 
aligned  hairline  circumferential  cracking  which  covered  a  greater 
portion  of  the  arc  than  on  Arc  10-AR- 3  but  still  did  not  extend 
to  its  ends.  Even  though  visually  -he  hairline  cracking  was  more 
extensive  than  on  Arc  10-AR-3  radiographic  inspection  did  not 
show  any  structure-change.  Visual  inspections  on  the  specimens 
from  this  arc  revealed  hairline  cracks  on  both  axial  specimens 
on  the  ends  located  at  the  bottom  of  the  arc  and  two  short  axial 
hairline  cracks  in  the  gage  section  of  Specimen  10-AR-1-T1A. 
Specimen  10-AR-T4C  had  several  hairline  cracks  which  were  located 
in  the  specimen  near  the  bottom  of  the  arc.  The  only  structure- 
change  revealed  by  radiography  of  the  specimens  was  one  hairline 
crack  in  Specimen  10-AR- 1-T4C  at  about  0.05  in.  from  the  inner 
surface.  The  only  significant  result  from  the  NDT  monitor  and 
mechanical  evaluations  was  a  slightly  low  tensile  strength  for 
Specimen  10-AR-1-T4C.  The  strength  of  thin  specimen  was  7,110  psi 
compared  to  7,420  psi  for  Specimen  19-AR-1-T3C.  In  this  arc,  10- 
AR-l,  the  structure-change  appeared  to  be  more  severe  at  the 
bottom  of  the  arc.  Both  structure-change  and  retained  properties 
were  reasonably  uniform  across  the  arcs  except  for  the  bottom  edge. 

Radiographic  inspection  of  Arc  10-AR-5  (4.04  kilotaps)  re¬ 
vealed  cracking  and  hairline  cracking  to  about  0.20  in.  from  the 
inner  surface  with  a  slight  increase  in  number  a»*d  severity  at  the 
ends  of  the  arc.  Visual  inspection  shoved  delaminations  along  and 
across  the  tape  wrap  laminae.  As  viewed  from  the  ends  of  the  arc 
the  cracking  at  the  top  of  the  arc  tended  to  remain  generally 
parallel  to  the  inner  surface,  Figure  115.  At  the  bottom  of  the 
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arc  the  cracking  tended  to  follow  the  tape  wrap  laminae  and 
resulted  in  occasional  material  removal.  The  structure-changes 
seemed  to  be  more  severe  at  the  corners.  Radiographic  inspection 
of  Specimen  10-AR-5-C1A,  Figure  113/  showed  severe  cracking  over 
the  full  length  which  was  more  severe  at  the  top  than  in  the 
center  and  most  severe  at  the  bottom  of  the  arc.  On  Specimen 
10-AR-5-C2A  the  pattern  was  the  same  as  for  Specimen  10-AR-5-C1A 
but  the  overall  severity  was  less.  Specimen  10-AR-5-C3C  revealed 
multiple  hairline  cracking  to  a  depth  of  about  0.20  in.  from  the 
inner  surface.  Figure  114.  On  Specimen  10-AR-5-C4C  the  cracking 
or  delamination  was  severe.  Visual  inspection  of  the  specimens 
coincided  with  the  radiographic  inspection  results.  Compressive 
strength  measurements  agreed  well  with  the  visual  and  radiographic 
results.  The  specimen  with  the  more  severe  structure-change  had 
the  lower  strength.  Of  the  NDT  monitors  only  ultrasonic  trans¬ 
mission  agreed  with  the  visual  and  radiographic  results.  The 
severe  structure-changes  in  this  arc  seemed  to  be  confined  to 
0.20  in.  from  the  inner  surface.  Structure-change  was  observed 
across  the  arc  but  cracks  were  more  open  at  the  corners. 

The  lowest  impact  level  for  which  an  indication  of  structure- 
change  was  found  was  1.57  kilotaps  {Arc  10-AR-7)  where  a  signifi¬ 
cantly  lower  compressive  strength  was  observed  for  the  circum¬ 
ferential  specimen  nearest  the  bottom  of  the  arc.  Visual 
inspection  of  specimens  from  this  arc  indicated  hairline  cracking 
at  the  indexed  end  of  the  arc  but  not  at  the  end  where  the  low 
compressive  strength  was  observed.  At  1.66  kilotaps  (Arc  10-AR-6) 
no  structure-change  was  indicated.  At  1.90  kilotaps  (Arc  10-AR-3) 
visual  inspection  revealed  cracking  at  the  indexed  end  of  the 
arc  parallel  to  the  inner  surface  and  opposite  the  indexed  end  at 
the  lower  surface  which  followed  the  tape  wrap  laminae.  Radio- 
graphic,  strength  and  ultrasonic  transmission  data  indicated  that 
the  most  significant  structure-change  was  at  the  end  opposite  the 
indexed  end  at  the  lov?er  surface  of  the  arc.  At  1.99  kilotaps 
(Arc  10-AR-l)  the  overall  structure-change  seemed  to  be  less 
severe  than  at  1.90  kilotaps  (Arc  10-AR-3),  Visual  inspection 
revealed  hairline  cracking  along  the  lower  surface  of  the  arc 
which  tended  to  follow  the  tape  wrap  laminae.  Radiographic  and 
strength  data  indicated  the  most  significant  structure-change  at 
the  end  of  the  arc  opposite  the  indexed  end  at  the  lower  surface. 

At  4.04  kilotaps  (Arc  10-AR-5)  visual  inspection  revealed  severe 
cracking  that  was  more  severe  at  the  corners  of  the  arc  than  at 
the  center  of  any  of  the  edg«:s.  The  cracks  tended  to  remain 
parallel  to  the  inner  surface  at  the  top  of  the  arc  but  generally 
followed  the  tape  wrap  laminae  near  the  lower  surface.  Radio- 
graphic  inspection  showed  the  structure-change  to  be  more  severe 
near  the  lower  surface  than  at  the  top.  Strength  and  ultrasonic 
transmission  results  confirmed  the  visual  and  radiographic  findings. 
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In  summary,  structure-change  was  not  uniform  across  the  arc 
and  seemed  to  be  more  severe  near  the  edges.  Radially,  the  damage 
was  more  severe  at  the  inner  portion.  At  about  1.5  kilotaps, 
structure-change  {ci rcumferential  cracks)  became  apparent  and 
influenced  retained  properties.  Cracks  between  fabric  layers 
occurred  at  about  1.5  kilotaps  and  across  fabric  layers  at  perhaps 
4  kilotaps. 

AVCC  3D/QP 

Characterization  of  the  bulk  3D/QP  Arcs  indicated  structure- 
change  starting  with  Arc  11-AR"8  (4.58  kilotaps),  At  this  level, 
occasional  bulk  delaicinations  were  detected  by  Partek  penetrant 
only.  On  specimens  from  the  arc  some  distribution  in  structure- 
change  was  indicated  in  that  hairline  and  moderate  discontinuous 
cracking  was  observed  by  visual  inspection  in  all  edges  of  Specimens 
-T1A,  -T2A,  and  -T3C,  but  more  severe  cracking  was  apparent  in 
Specimens  -T4C.  Radiography,  Figures  116  and  117,  revealed 
similar  bulk  delaicinations  in  -T1A,  and  -T2A  but  revealed  none 
in  -T3C  and  -T4C,  although  visually  apparent.  NOT  monitor  and 
mechanical  results  indicated  similar  results  for  the  specimens 
and  uniform  structure.  Structure-change  extended  through  the  arc. 

For  Arc  ll-AR-5  {7.54  kilotaps),  visual  inspection  on  the 
arc  indicated  apparent  bulk  delamS nations  and  rear  lift.  Radio¬ 
graphy  indicated  low-absorptive  alignments  at  mid- thickness  over 
the  full  length  of  the  arc.  On  specimens  from  the  arc  some 
distribution  in  structure-change  was  indicated  in  that  very  slight 
cracking  was  observed  in  Specimen^  -C2A,  -C3C,  and  C4C,  but  more 
severe  cracking  was  apparent  down  both  sides  of  -CIA.  Distri¬ 
bution  was  further  indicated  by  radiography.  Figures  118  wnd  119, 
in  that  delaminations  were  revealed  at  mid-thickness  for  the  fell 
lengths  of  Specimens  -CIA,  and  -C3C  and  nearly  the  full  length 
of  -C2A.  A  full-length  delanination  at  mid- thickness  was  also 
indicated  in  Specimen  -C4C  but  bulk  delaminations  were  also 
dispersed  on  either  side  of  the  major  delamination.  Again,  NDT 
monitor  and  mechanical  results  were  similar  among  the  specimens 
indicating  uniform  structure-change.  Structure-change  extended 
across  the  arc  even  though  the  delaminations  opened  more  at  some 
locations  than  at  others. 

For  Arc  il-AR-3  (7.95  kilotaps),  visual  and  radiographic 
inspections  on  the  bulk  arc  clearly  indicated  full  length  mid- 
thicknes*  delamination  and  rear  lift.  Visually,  moderate  and 
discontinuous  cracking  was  detected  at  the  middle  of  all  edges 
of  Specimen  -T1A.  More  apparent  cracking  was  observed  in  both 
sides  of  -T2A  with  no  apparent  cracking  in  the  ends.  Cracking 
was  apparent  at  mid- thickness  in  Specimens  -T3C  and  -T4C. 
Radiography,  Figures  116  and  117,  indicated  mid-thickness  delam¬ 
inations  running  the  full  length  of  all  four  specimens  with  the 
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delaminations  in  -C4C  appearing  the  least  severe.  Again#  NDT 
monitor  and  mechanical  results  were  similar  among  the  specimens 
indicating  uniform  structure  change.  Generally#  structure-change 
was  uniform. 

For  Arc  ll-AR-7  (8.61  kilctaps),  visual  and  radiographic 
inspection  on  the  bulk  arc  indicated  increased  full-length  mid- 
thickness  delamina tion  with  failed  raaials  and  rear  lift.  On 
specimens  from  the  arc  visual  inspection  indicated  severe  cracking 
at  mid- thickness  of  all  four  specimens.  Radiography,  Figures  116 
and  117,  revealed  severe  full-length  mid-thickness  del ami nations 
in  ail  four  specimens  with  the  delamination  in  Specimen  -T2A 
appearing  less  severe  than  -T1A.  Mechanical  results  for  the 
specimens  were  similar;  however,  some  significant  variations  in  the 
NOT  monitors  were  measured  indicating  possible  distribution  in 
structure- change.  The  bulk  density  for  -T4C  was  1.542  gm/cm5 
compared  to  a  range  of  1.579  -  3.58  3  gm/ern  for  the  other  three 
specimens;  open  porosity  for  -T3C  was  9.7  percent  compared  to  a 
range  of  10.4  -  10.0  percent  fer  the  other  three  specimens;  radial 
velocity  for  all  four  specimens  had  an  overall  range  of  0.1793  - 
0.7.903  in. /usee.  Structure-change  was  generally  uniform. 

For  Arcs  il-AR-1  and  ll-AR-2  (9.01  kilotaps) ,  visual  and 
radiographic  inspections  revealed  full-length  mid-thickness 
delaminations  and  rear  lift  somewhat  similar  to  ll-AR-7  above 
except  the  delamination  in  ll-AR-2  appeared  less  severe.  On 
specimens  from  the  arcs  visual  inspection  revealed  cracking  in  the 
middle  of  both  edges  over  the  full  length  of  Specimens  11-AR-1-C1A, 
ll-AR-2- CIA,  and  11-AR-2-C2A  and  nearly  the  full  length  of  11-AR-1-C2A. 
For  Specimen  11-AR-2-C4C,  cracking  was  apparent  in  the  middle  of 
all  edges  with  one  edge  having  more  pronounced  cracking.  Except 
for  apparent  cracking  in  one  end  each  of  11-AR-1-C4C  and  11-AR-2-C3C, 
only  slight  cracking  was  evident  in  the  remaining  specimens. 
Radiography,  Figures  118  and  119,  indicated  severe,  full-length 
mid-thickness  delammations  in  all  of  the  specimens.  The  NDT  monitor 
and  mechanical  results  gave  some  indication  of  distribution  in 
structure-change;  however,  the  low  and  high  values  of  the  respective 
measurements  did  not  necessarily  correlate  with  each  other. 

Values  for  circumferential  compressive  strength  for  Specimens 
11-AR-1-C3C  and  -C4C  were  10,760  and  13,060  psi  and  for  Specimens 
11-AR-2-C3C  and  -C4C  were  10,360  and  13,G90  psi.  Va!ues$for  axial 
moduli  for  Specimens  11-AR-2-CIA  and  -C2A  were  1.41  x  10  and  2.05 
x  10s  psi.  Circumferential  moduli  values  for  11-AR-2-C3C  and  -C4C 
were  1.86  x  106  and  2.84  x  106  psi.  The  bulk  density  for  il-AR- 

I- C4C  was  1.534  gm/cm Compared  to  a  range  of  1.556  -  1.560  for 

the  other  three  specimens  from  this  arc.  The  bulk  density  for 

II- AR-2-C3C  was  1.581  compared  to  a  range  of  1.564  -  1.568  gm/cm5 

for  the  other  three  specimens  from  Arc  ll-AR-2.  Radial  velocity 
for  the  four  specimens  removed  from  Arc  11-AR-l  ranged  from  0.1707 
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(-C4C)  to  0.1895  in./ysec  (-C3C) ;  for  the  four  specimens  removed 
from  Arc  ll-AR-2  the  range  was  from  0.1778  (-C4C)  to  0.1936  in. /Usee 
<-C2A) .  Structure-change  was  uniform. 

For  Arc  ll-AR-6  (9.88  kilotaps),  visual  and  radiographic 
inspections  revealed  increased  full-length  mid-thickness  delam¬ 
inations  with  failed  radials  and  increased  rear  lift.  On  specimens 
from  the  arc  severe  cracking  was  observed  in  the  middle  of  all 
edges  of  Specimen  -T1A  and  in  three  edges  of  Specimen  -T2A.  Very 
severe  cracking  was  apparent  at  the  middle  of  all  edges  in  Specimens 
-T3C  and  -T4C,  Radiography,  Figures  116  and  117,  indicated  gross 
full  length  mid-thickness  delaminations  in  all  four  specimens. 

NDT  monitor  and  mechanical  results  indicated  some  distribution 
of  structure-change.  Again,  the  low  and  high  values  of  the 
respective  measurements  did  not  necessarily  correlate  each  other. 
Values  for  circumferential  tensile  strength  for  Specimens  -T3C  and 
-T4C  were  24,330  and  18,670  psi.  Values  for  axial  moduli  for 
Specimens  -T1A  and  -T2A  were" 2.62  x  10*  psi  and  3.25  x  10*  psi. 

Bulk  density  ranged  from  1.517  to  1.543  gm/cm3;  open  porosity 
ranged  from  11.9  to  13.5  percent;  radial  velocity  ranged  from 
0.1693  to  0.1881  in./ysec.  Structure-change  was  uniform. 

In  summary  the  cracks  seemed  more  open  at  the  edges  of  the 
arcs  but  the  cracks  (and  property  degradation)  persisted  to  the 
center.  The  difference  was  in  the  degree  of  opening  of  the  cracks. 
Cracks  seemed  "randomly  uniform”  in  that  they  would  close  and 
then  open  through  an  arc.  Extensive  delaminaticns  were  found  at 
4.50  kilotaps. 

OUTER  -  3DC/QP  (MATERIAL  #15A) 

Characterization  of  outer  material  of  the  3PC/QP  bulk  arcs 
indicated  structure-change  starting  with  Arc  15-AR-3  (4.09  kilotaps). 
At  this  level,  bulk  delaminations  with  a  failed  radial  were  apparent 
by  visual  inspection.  On  the  axial  specimens  from  the  arc  radio¬ 
graphy,  Figures  123  and  124,  indicated  bulk  delaminations  and 
short,  volume  oriented  low-absorptive  alignments  indicating  volume 
expansion.  The  circumferential  specimens  were  not  considered 
revealing.  The  mechanical  results  were  reasonably  consistent 
indicating  uniform  structure-change  distribution.  NDT  monitor 
results  from  bulk  density  and  open  porosity  measurements 
indicated  some  slight  variation.  The  ranges  for  these  data  were 
1.351  -  1.366  gm,  cm3  and  8.0  -  8.4  percent.  Radial  measurements 
of  velocity  and  'it  ""i sonic  transmission  were  not  revealing  because 
of  specimen  thicxr.'  *  variations.  Structure-change  was  uniform. 
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For  Arc  15-AR-5  (4.69  kilotaps)  outer,  visual  inspection  of 
the  bulk  arc  indicated  increased  cracking.  Radiography,  Figure 
120,  revealed  a  0.4  in.  long  low- absorptive  alignment  in  the 
central  region.  On  axial  specimens  from  the  arc  radiography 
indicated  increased  (over  specimens  from  15-AR-3)  short,  volume 
oriented  low-absorptive  alignments,  Figure  121.  In  the  circum¬ 
ferential  specimens,  however,  full-length  low- absorptive 
alignments  were  apparent,  Figure  122.  The  mechanical  results 
showed  some  wide  variations.  Specimens  -T1A  and  -T2A  had  values 
of  axial  tensile  strength  of  8,650  and  4,900  psi  and  moduli  of 
3.3  x  10 6  and  0.84  x  10 6  psi.  Specimens  -T3C  and-T4C  had  values 
of  circumferential  tensile  strength  of  1,340  and  2,290  psi.  NDT 
monitor  values  cf  open  porosity  ranged  from  7.5  to  8.3  percent. 
Structure-change  was  uniform. 

For  Arc  15-AR-6  (5.18  kilotaps)  outer,  visual  and  radio- 
graphic  inspections  of  the  bulk  arc  indicated  mid-thickness 
delaminations  particularly  near  the  ends  of  the  arc.  Figure  120. 

On  specimens  from  the  arc,  radiography  indicated  aligned  cracking 
in  all  specimens.  Cracking  appeared  more  severe  in  Specimens 
-C2A  and  -C3C  them  in  -Cl A  and  -C4C.  Similar  to  AVCO  3DQP 
(Material  11) ,  some  of  the  mechanical  and  NDT  monitor  results 
indicated  structure- change  distribution;  however,  the  low  and 
high  values  of  the  respective  measurements  did  not  necessarily 
correlate  with  each  other.  From  the  mechanical  results.  Specimens 
-C3C,  and  -C4C  had  values  of  circumferential  strength  of  6,410  and 
4,580  psi.  As  mentioned  above  the  radiographs  of  these  specimens 
showed  Specimen  -C3C  to  have  the  more  severe  cracking.  From  NDT 
monitor  results,  bulk  density  ranged  from  1.330  to  1.344  gm/cm3, 
and  open  porosity  ranged  from  8.3  to  9.8  percent.  Structure- 
change  and  retained  properties  were  uniform  except  for  -C4C  where 
the  cracks  seemed  milder  but  properties  were  lower. 

For  Arc  15-AR-4  (6.06)  kilotaps)  outer,  visual  and  radio- 
graphic  inspections  of  the  bulk  arc  indicated  mid-thickness 
delamination  with  failed  radials.  Figure  120.  Radiography  further 
indicated  volume,  low- absorptive  alignments  extending  cnt  from  the 
mid- thickness  delamination.  On  specimens  from  the  arc  radiography 
indicated  multiple  delaminations  in  all  four  specimens  with  the 
axial  specimens  indicating  a  slight  increase  in  structure- change. 
Figures  122  and  123.  The  mechanical  results  indicated  that  the 
circumferential  strength  was  essentially  zero  while  the  axial 
strength  was  about  1,250  psi.  NDT  monitors  indicated  some  vari¬ 
ations  in  density  and  open  porosity.  Bulk  density  ranged  from 
1.261  to  1.281  gm/cm3,  and  open  porosity  ranged  from  9.9  to  11.6 
percent  with  the  two  axial  specimens  having  the  highest  values. 
Overall,  structure-change  must  be  considered  uniform. 
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For  Arcs  15-AR-7  and  15-AR-8  (6.50  and  6.54  kilotaps)  cuter, 
visual  and  radiographic  inspection  indicated  full-length  mid¬ 
thickness  delaminations  with  failed  radials,  Figure  12C.  Volume 
cracking  and  low-absorptive  alignments  also  extended  out  from  the 
major  delaminations.  On  specimens  from  Arc  15-AR-7,  radiography 
indicated  severe  volume  low— absorptive  alignments  in  Specimens 
-CIA  and  -C2A,  Figure  123,  and  severe  mid-thickness  delaminations 
in  Specimens  -C3C  and  -C4C,  Figure  124.  From  Arc  15-AR-8,  very 
severe  volume  low-absorptive  alignments  in  Specimens  -CIA,  and 
-C2A  and  less  severe (than  15-AR-7-C3C  and  -C4C)  mid-thickness 
delaminations  with  volume  low-absorptive  alignments  located  out¬ 
side  the  major  delaminations  in  Specimens  -C3C  and  -C4C  were 
revealed  by  radiography.  Mechanical  and  NOT  monitor  results 
indicated  structure  variations.  For  Arc  15-AR-7,  values  of  axial 
compressive  strength  for  Specimens  -CIA  and  -C2A  were  4,820  and 
6,000  psi.  Values  of  circumferential  compressive  strength  for 
Specimens  -C3C  and  -C4C  were  2,820  and  3,670  psi.  From  the  NDT 
monitor  results,  L-ilk  density  ranged  from  1.207  to  1.267  gm/cm3, 
and  open  porosity  ranged  from  9.6  to  11.1  percent.  For  Arc 
15-AR-8,  the  only  variation  in  compressive  strength  was  in  the 
circumferential  direction  for  Specimens  -C3C  and  -C4C  which  had 
values  of  5,940  and  4,340  psi.  From  the  NDT  monitor  results,  bulk 
density  ranged  from  1.239  to  1.268  gm/cm3,  and  open  porosity  ranged 
from  8.6  to  9.6  percent.  Previously  for  the  other  impact  levels 
of  this  material,  radial  velocity  was  not  discussed  as  a  monitor  . 
for  structure  distribution  primarily  because  of  differences  in 
thicknesses  of  specimens  and  because  of  uniformity  in  values.  For 
Arc  15-AR-8,  however.  Specimen  -C2A  had  a  velocity  of  0.1626 
in. /nsec  compared  to  the  range  of  0.1803  to  0.1835  in./ys^c  for  the 
other  three  specimens.  Structure-change  and  retained  properties 
were  uniform  except  for  15-AR-7-C1A  and  15-AR-8-C3C  where  structure- 
change  seemed  similar  but  properties  differed. 

In  summary,  structure-change  did  not  appear  uniform  circum¬ 
ferentially  and  appeared  to  be  more  severe  between  the  center  and 
the  ends  of  the  bulk  arc.  Cracking  without:  regard  for  appearance 
was  rather  uniformly  distributed.  Major  structure-change  to 
Material  #15  occurred  near  the  middle  (radially)  of  the  outer 
material.  Structure-change  was  incurred  at  the  first  impulse  level 
(4.09  kilotaps)  which  influenced  retained  properties.  This 
change  consisted  of  bulk  delaminations  in  the  outer  material  by 
visual  and  radiographic  inspections.  At  higher  impact  levels 
mid-thickness  delaminations  with  volume  cracking  were  incurred. 
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Characterization  of  the  inner  material  from  the  3DC./QP  arcs 
indicated  that  structure-change  was  confined  primarily  near  the 
inner  (rear)  surface  starting  with  Arc  15-AR-5  (4.69  kilotaps). 

At  this  level,  visual  inspection  of  the  bulk  arc  revealed  cracking 
near  the  rear  face  to  a  depth  of  about  four  plies.  Radiography, 
Figure  120,  indicated  an  0.15  in.  long  low-absorptive  alignment  at 
one  end  located  about  three  plies  behind  the  rear  face.  With 
increased  impulse  loadings  on  Arcs  15-AR-6  and  -4  (5.18  and  6.06 
kilotaps) ,  increased  cracking  was  apparent  near  the  rear  face.  For 
Arcs  15-AR-7  and  -8  (6.51  and  6.54  kilotaps),  the  cracking  near  the 
rear  face  was  more  aliened.  On  specimens  from  the  arcs,  radio¬ 
graphy  did  not  indicate  structure-change  below  6.51  kilotaps  (Arcs 
15-AR-7  and  -8).  At  these  levels,  low-absorptive  alignments  were 
revealed  near  the  rear  face.  The  severity  of  these  alignments 
were  considered  similar. 

The  nondestructive  monitor  and  mechanical  results  did  not 
in  general  show  nonuniform  distribution  of  structure-change. 

Several  instances  were  found  where  a  single  value  of  one  of  the 
NDT  monitors  or  mechanical  properties  differed  from  the  other 
values  for  a  given  arc.  In  only  two  instances  were  there  confirm¬ 
ing  data  of  nonuniform  distribution.  At  5.18  kilotaps  (Arc  15- 
AR-6)  the  circumferential  compressive  Specimen  15B-AR-6-C4C  had 
low  strength,  strain-to-failure  and  radial  sonic  velocity.  These 
low  values  were:  14,900  psi  (20,250  psi  for  Specimen  15B-AR-6-C3C) , 
0.0038  in. /in.  (0.0073  in./iu.  for  Specimen  15B-AR-6-C3C, 

0.1795  in. /Msec  (0.1820  to  0.1831  in. /usee  for  the  other  three 
specimens).  At  6.54  kilotaps  the  axial  compressive  Specimens 
15B-AR-8-C1A  had  low  strength,  bulk  density  and  radial  sonic 
velocity  though  the  delamination  seemed  typical  of  the  arcs.  These 
low  values  were:  i4,580  psi  (21,400  psi  for  Specimen  15B-AR-8-C2A) , 
:.519  gm/cm3  (1.541  to  1.576  for  the  other  three  specimens  from 
this  arc)  and  0.1730  in. /Msec  (0.1836  in. /usee  for  Specimen  15-B- 
AR-8-C2A) .  In  these  two  cited  instances  it  may  be  concluded  that 
nonuniformity  of  structure-change  existed  in  these  arcs?  at  least, 
there  were  differences  in  retained  properties. 

For  the  inner  portion  of  the  3DC/QP  arcs  structure-change  was 
apparent  At  the  4.69  kilotap  level,  cracking  near  the  rear  face 
was  revealed.  With  two  exceptions  the  distribution  of  structure- 
cnange  seemed  to  be  uniform  over  the  arcs.  For  the  two  exceptions 
~o  uniform  distribution  there  was  no  location  which  seemed  to  be 
more  susceptible  to  structure-change. 

The  conc..usion  drawn  is  that  che  exceptions  were  due  to 
random  material  parameters. 
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RESULTS  OF  PRE- IMPACT  NDT  EVALUATIONS 

The  test  results  for  Phase  II  are  given  in  Tables  37  through 
42  and  Figures  125  through  180.  The  presentation  of  the  data 
according  to  material  follows. 

AVCO  3DC/QP 

Nondestructive  testing  consisted  of  QC  inspection  of  11  arcs 
and  6  rings,  and  based  on  the  QC  inspection  results,  1  ring  was 
selected  for  underground  FT  inspection.  The  QC  results  are  given 
in  Table  37  and  photographs  of  typical  3DC/QP  structure  in  Figures 
125  and  126.  Typical  structure  as  revealed  by  radiography  in  the 
radial  and  axial  directions  is  shown  in  Figure  127. 

No  anomalies  or  problems  were  apparent.  The  porosity  of  the 
AKCA  material  was  significantly  lower  than  AHP  material.  Figures 
125  and  126  show  the  comparison  between  the  materials.  At  the 
time  of  this  characterization,  no  problem  with  the  AHCA  material 
was  suspected  since  it  was  to  be  an  improvement  over  AHP  material 
by  impregnation. 

AVCO  3DCP 

Nondestructive  testing  consisted  of  QC  inspection  of  22  arcs 
and  10  rings  from  which  5  arcs  were  selected  for  AHCA  FT  in¬ 
spection  and  6  rings  were  selected  for  underground  FT  inspection. 
The  results  are  given  in  Table  38  and  Figures  128  through  134 . 
Typical  3DCP  material  structure  is  described  in  Figures  128  and 
129.  Photographs  depicting  the  material  in  the  axial  and  cir¬ 
cumferential  directions  are  given  in  Figure  134.  Typical  struc¬ 
ture  as  revealed  by  radiography  in  the  radial  and  axial  directions 
is  shown  in  Figure  129.  No  photomicrographs  were  made  on  these 
specimens.  However,  photomicrographs  were  subsequently  made  on 
AHCA  3DC/QP  during  the  characterization  of  the  damage  problem. 
Photomicrographs  on  both  AHP  and  AHCA  3DC/QP  are  given  in  Appendix 
M  under  the  discussion  of  this  anomalous  structure-change  problem. 

jimilar  to  AVCO  3DC/QP ,  this  material  also  had  .lower  porosity 
than  AHP  material.  In  addition,  visable  resin  rich  areas  along 
yarns  and  resin  starved  areas  around  radials  were  detected  in  the 
arcs  and  rings,  Figures  130  and  131.  The  density  of  the  arcs 
were  the  same  as  AHP  material  at  1.42  gm/cm3.  The  density  of  the 
rings  were  slightly  less  at  1.41  gm/cm  .  Velocity  results  irom 
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the  5  FT  arcs  indicated  values  similar  to  AHP  for  axial  velocity 
at  0.370  in. /'nsec,  but  no  comparison  fcr  radial  velocity  was 
available.  Radial  ultrasonic  transmission  values  ranged  from  31 
to  32  added  dB. 


Anomalies  detected  by  visual  inspection  were  of  a  mechan¬ 
ically  induced  nature.  For  Arc  7  of  Ring  6,  voids  and  raised 
axials  were  detected  in  the  C  edge,  Figure  132;  for  Arcs  5  and  6 
of  Ring  6,  chipped  corners  were  apparent;  for  Ring  2,  the  outer 
edge  was  chipped  or  crushed  at  25°,  Figure  133;  for  Ring  8,  an 
0.16  inch  long  area  in  the  top  edge  was  indented,  Figure  133;  for 
Ring  10,  local  areas  having  high  porosity  were  apparent.  Figure  134. 
Radiography  detected  no  anomalies  in  the  arcs  and  rings.  Typically, 
various  concentrations  of  circumferential  low-absorptive  alignments 
were  revealed  by  radiography  in  the  axial  direction  for  all  the 
specimens.  Ring  1  was  probably  the  only  exception  as  no  signifi¬ 
cant  variations  were  detectable.  In  addition  for  the  rings, 
occasional  through  and  part-through  thickness  low-absorptive 
alignments  along  the  radials  were  observed.  Such  alignments  were 
seen  in  Ring  3  at  45°,  Ring  5  at  10-45°  and  340°,  Ring  9  at  135°, 
190°,  and  350°,  Ring  10  at  240°,  and  Ring  12  at  245°. 

Based  on  these  inspections  of  the  rings,  the  locations  of  most 
uniform  material  sites  selected  were  as  follows: 

Most  Uniform  Material 
Ring  No.  Centerline 

1  Any 

2  270° 

3  225" 

4  300° 

5  255° 

8  90° 

9  Not  Selected 

10  45° 

11  Not  Selected 

12  345° 


AVCO  3DCP  (T400) 

Four  rings  and  4  arcs  received  QC  nondestructive  testing. 

The  results  are  given  in  Table  39  and  Figures  135  through  137. 
Typical  structure  revealed  by  radiography  in  the  radial  and  axial 
directions  is  shown  in  Figure  135. 
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Generally,  the  material  was  uniform  and  sound.  A  background 
of  residual  pores  or  voids  and  striations  were  visually  apparent 
in  the  surfaces  and  edges.  No  anomalies  were  detectable  by  the 
visual  or  radiographic  inspection  of  the  arcs.  Visual  inspection 
of  Ring  3  revealed  a  circumferential  delamination  in  the  outer  sur¬ 
face  at  330®,  voids  on  the  inner  surface  at  220®,  and  voids  on  the 
bottom  edge  at  45®.  Radiography  revealed  several  concentrations 
of  circumferential  low-absorptive  alignments  in  all  4  rings., 

Figure  136  depicts  a  typical  alignment.  The  locations  of  these 
variations  are  detailed  in  Table  39.  The  only  gross  concentration 
of  low-absorptive  alignments  indicated  was  in  Ring  4  at  320-360®, 
Figure  137. 

Based  on  the  inspections  of  the  rings,  the  locations  of  most 
uniform  material  sites  were  selected  as  follows: 


Ring  No. 


Most  Uniform  Material 
Centerline 


AVCO  R6300 


180® 

150® 

135® 

240® 


Nondestructive  testing  consisted  of  QC  inspection  of  18 
arcs  and  10  rings  and  FT  inspections  of  2  rings  selected  for  AHCA 
and  1  ring  selected  for  underground.  These  FT  rings  were  selected 
from  the  QC  rings.  The  results  of  the  inspections  are  given  in 
Table  40  and  Figures  138  through  148. 

The  AHCA  R6300  material  was  similar  to  the  AHP  material. 
Typical  material  structure  is  described  in  Figures  138  and  141. 
Photographs  depicting  the  material  are  given  in  Figures  138  and 
139.  Typical  structure  as  revealed  by  radiography  in  the  radial 
and  circumferential  directions  is  shown  in  Figure  140.  Photo¬ 
micrographs  at  50X  (before  reduction)  showing  p.icrostructure  are 
given  in  Figure  141.  The  density  for  AHP  was  about  1.33  gm/cm3; 
whereas,  for  AHCA  the  density  was  slightly  higher  ranging  from 
about  1.32  to  1.37  gm/cm3.  Ring  6  having  a  density  of  1.301 
gm/cm5  was  the  only  exception.  Also,  the  AHCA  material  had  higher 
surface  porosity  with  a  size  to  about  0.02  inch  and  more  extt.-ni-ive 
aligned  residual  porosity  between  the  tape  wraps  than  did  AHP 
material.  Figures  138  and  142. 
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Some  material  anomalies  were  revealed  by  visual  inspections. 

In  Ring  11  Arc  9,  a  tape  wrap  discontinuity  was  apparent  on  the 
inner  surface ,  Figure  143.  (This  anomally  was  also  indicated  by 
radial  X-ray).  In  Ring  12  Arc  14/  a  single  0,10  inch  long  void 
was  apparent  on  the  inner  surface.  Figure  144.  On  Ring  7,  the 
bottom  inner  edge  was  chipped  from  130  to  180°  and  at  215 °,  Figure 
145. 

iiome  additional  material  anomalies  were  indicated  by  radio¬ 
graphy  in  both  the  arcs  and  rings.  About  half  of  Ring  11  Arc  8 
contained  lower  density  material  by  radial  X-ray,  Figure  146. 
Low-absorptive  alignments  to  about  3/4-inch  in  length  were  detected 
in  Ring  II  Arc  9  by  radial  X-ray  (tape  wrap  discontinuity  by  visual) , 
Figure  146.  Single  0.02  and  0.04  inch  low-absorptive  are  ts  (voids) 
by  axial  X-ray  were  indicated  in  Rings  4,  6,  and  9.  A  single  0.04 
inch  high- absorptive  area  (inclusion)  was  also  indicated  in  Ring  6. 
Various  volume  oriented  low-absorptive  areas  were  indicated  in  the 
riuys  by  axial  X-ray.  Although,  these  areas  were  not  considered 
significant,  they  were  avoided  in  selecting  impact  center  lines. 

From  the  QC  inspections.  Ring  9  was  selected  for  underground 
test,  and  Rings  2  and  4  were  selected  for  AHCA  FT  testing.  The 
most  uniform  material  sites  for  the  QC  rings  were  selected  as 
follows : 


Ring  No. 


Most  Uniform  Material 
Centerline 


1  270° 

3  55° 

5  255° 

6  255° 

7  180° 

8  135° 

10  180° 

Sketches  showing  QC  and  FT  NDT  inspection  results  and  most  uniform 
material  sites  on  Rings  2  and  4  are  given  in  Figures  147  and  148. 
Photomicrographs  in  the  axial  direction  at  50X  (before  reduction)  on 
FT  .'tings  2  and  4  were  given  in  Figure  141. 


AVCO  3DCC 

Nondestructive  testing  consisted  of  QC  inspection  of  11  disc, 
10  coupons,  and  17  rings  and  FT  nondestructive  testing  on  2  rings 
whose  selection  was  based  on  the  QC  inspection.  In  addition,  two 
underground  rings  were  selected  from  these  QC  rings.  Test  results 
are  given  in  Table  41  and  in  Figures  149  through  174. 
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Generally,  this  material  was  similar  to  AHP  AVCO  3DCC  mate¬ 
rial.  Typical  material  structure  is  shown  in  Figures  149  through 
151.  Photographs  depicting  the  material  viewed  in  the  radial  and 
axial  directions  are  given  in  Figure  149.  Typical  structure  re¬ 
vealed  by  radiography  in  the  radial  and  axial  directions  is  shown 
in  Figure  150.  Photomicrographs  at  50X  (before  reduction)  showing 
microstructure  are  given  in  Figure  151.  Debonds  were  generally  ^ 

similar  to  AHP  except  for  the  1109-35  rings.  Debonds  in  this  mate-  j 

rial  were  more  severe  than  AHP,  Figure  152.  Values  of  density  and  j 

radial  velocity  for  the  AHP  material  were  lower,  1.61  -  1.69  gm/cm3  \ 

and  0.180  -  0.230  in. /usee  for  AHP  compared  to  1.63  -1.75  gm/cm3 
and  0.223  -  0.267  in. /usee  for  AHCA. 

Single  visual  anomalies  were  detected  in  Discs  1  and  11.  In 
Disc  1,  visual  inspection  revealed  that  the  inner  edge  had  been 
bumped  at  270°  resulting  in  local  material  loss,  Figure  153.  In 
Disc  11,  both  visual  and  radiographic  inspections  revealed  a  through¬ 
thickness  wrinkle,  Figure  153.  No  visual  anomalies  were  revealed 
in  the  coupons  and  the  1109-35  rings.  Visual  anomalies  were  detected 
in  Rings  2B  and  4B.  In  Ring  2B,  a  single  0.15  inch  x  1  ply  deep 
depressed  area  was  located  in  the  outer  surface  at  0°  and  about 
0.20  inch  from  the  bottom  edge.  Figure  154.  In  Ring  4B,  two  surface 
flaws  were  revealed.  On  the  bottom  edge  at  180°,  a  machining  error 
was  made  resulting  in  a  surface  mismatch  at  this  location.  Figure  155. 

On  the  outer  surface  at  300°  next  to  the  bottom  edge,  a  local 
area  measuring  about  1.2  x  0.2  inch  contained  loose  and  missing 
pieces  of  axials  and  circumferential s.  Figure  156. 

The  largest  single  visual  debond  detected  in  this  group  of 
specimens  was  found  in  Ring  1A.  The  debond  had  a  length  of  about 
3-1/2  .nches  and  was  located  in  the  bottom  edge  from  150°  to  210°, 

Figure  157.  Radiography  which  did  not  reveal  the  debond  indicated 
that  the  debond  was  only  surface  oriented. 

Anomalies  were  revealed  by  radiography  in  Disc  11  and  Coupon 
5.  In  both  cases,  single  through- thickness  wrinkles  were  apparent. 

In  addition  to  determining  material  anomalies,  radiography  was  used 
for  evaluating  debonds.  In  the  discs  and  coupons,  the  major  de¬ 
bonds  were  continuous  and  were  located  about  0.10,  0.25,  0.35,  and 
0.40  inches  from  the  inner  edge  (measurements  on  X-ray  image). 

Axial  radiographs  on  Rings  1  through  11  and  1A  through  4B  indicated 
a  background  of  debonds  with  more  severe  ones  also  occuring. 

These  were  noted,  and  the  locations  of  the  most  uniform  material 
sites  were  selected  away  from  the  severest  .debond  locations. 

Sketches  showing  these  radiographic  results  are  given  in  Figures  158 
through  174.  No  material  anomalies  were  detected  in  the  rings. 

Except  for  the  large  visual  debond  located  in  the  bottom  edge.  Ring 
1A  was  considered  uniform  throughout. 
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Based  on  the  QC  inspections/  Rings  2  and  3  were  selected  for 
underground  test,  and  Rings  1  and  5  were  selected  for  AHCA  FT  test¬ 
ing.  The  FT  test  results  for  these  rings  are  depicted  in  Figures 
158  through  160  and  162.  The  radiographic  results  for  the  QC 
rings  are  given  in  Figure  161  and  Figures  163  through  174.  The 
most  uniform  material  sites  selected  were  as  follows: 


Ring  No. 


Most  Uniform  Material 
Centerline 


1109- 

1109- 

2109- 

1109- 

1109- 

1109- 

1109- 

1109- 

1109- 

1109- 

1109- 


35-1 

35-2 

35-3 

35-4 

35-5 

35-6 

35-7 

35-8 

35-9 

35-10 

35-11 

1A 

2A 

IB 

2B 

3B 

4B 


230° 

315° 

320  * 

315° 

30° 

270° 

315° 

220° 

155- 

315° 

270° 

Any 

165c 

135° 

225° 

180° 

105°  and  270° 


Photomicrographs  in  the  axial  direction  on  FT  Rings  1109-35-1 
and  1109-35-5  are  given  in  Figure  151. 

SANDIA  FELT  CC 


Nondestructive  testing  consisted  of  QC  inspection  of  20 
rings  and  FT  inspection  of  2  rings  selected  from  the  QC  rings. 

Test  results  are  given  in  Table  42  and  Figures  175  through  180. 

The  Felt  CC  material  supplied  as  rings  for  this  program 
was  similar  to  the  AHP  material  which  was  supplied  as  cone  plates. 
For  AHP,  the  values  of  bulk  density  and  radial  velocity  had  ranges 
of  1.70  -  1.90  gm/cm3  and  0.112  -1.24  in. /usee.  This  was  comparable 
to  ranges  of  1.76  -  1.85  gm/cm3  and  0.101  -  0.110  in. /usee  for  AHCA 
with  the  velocity  values  for  AHCA  material  being  based  on  measure¬ 
ments  from  the  2  FT  rings  only.  Visually,  the  materials  were 
similar  except  that  AHCA  indicated  coarser  needling  and  no  dis¬ 
colorations  in  the  edges.  Residual  porosity  to  about  0.012  inch 
resulting  from  needling  was  background.  Typical  AHCA  material 
structure  is  described  in  Figures  175  through  177.  Photographs 
depicting  the  material  viewed  in  the  radial  and  axial  direction-:, 
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are  given  in  Figure  175.  Typical  structure  revealed  by  radio¬ 
graphy  in  the  axial  direction  is  shown  in  Figure  176.  Photomicro¬ 
graphs  at  50X  (before  reduction)  showing  micros tructu re  are  given 
in  Figure  177. 

No  visual  material  anomalies  were  determined.  However,  during 
the  polishing  of  FT  Rings  2N-2  and  3N-2  for  photomicrographs,  both 
rings  received  slight  surface  scrapes  in  the  polished  edges.  The 
locations  of  these  scrapes  were  245°  -  260°  for  2N-2  and  75°  -  90° 
for  3N-2.  Neither  of  the  scrapes  were  considered  severe  enough  to 
influence  the  performance  of  the  material. 

Radiography  in  the  axial  direction  revealed  significant,  single 
circumferential  low- absorptive  alignments  in  Rings  4P-2  and  7P-2. 

In  both  cases,  the  signature  was  a  single  circumferential  crack. 

The  locations  of  these  anomalies  were  315°  -  330°  for  4P-2  and 
335°  -  345°  for  7P-2.  A  printed  radiograph  showing  the  anomaly  in 
4P-2  is  given  in  Figure  178.  The  anomaly  in  7P-2  as  radiographed 
could  not  be  printed  for  reporting. 

FT  nondestructive  characterization  was  conducted  on  Rings 
2N-2  and  3N-2.  The  results  of  these  inspections  are  depicted  in 
Figures  179  and  180.  For  Ring  2N-2  liquid  penetrants  indicated 
void  clusters  to  0.2  inch  in  size  in  the  outer  surface  at  55°, 

295°,  and  330°,  Figure  179.  Also,  a  mechanical  surface  indent¬ 
ation  was  indicated  in  the  outer  surface  at  the  0°  orientation. 

No  anomalies  were  detected  by  liquid  penetrants  in  3N-2.  The 
velocity  results  were  considered  uniform  for  this  material. 

Figures  179  and  180.  Radial  ultrasonic  transmission  indicated 
no  variations  greater  than  t  ldB.  Centerlines  of  most  uniform 
material  sites  selected  were  225°  for  2N-2  and  270°  for  3N-2. 
Photomicrographs  in  the  axial  direction  are  given  in  Figure  177. 

MOE  EVALUATIONS  ON  FULL  TREATMENT  NDT  RINGS 

The  results  of  the  MOE  evaluations  on  the  6 FT  NDT  rings 
(two  each  of  3DCC ,  Felt  CC  and  R6300)  are  shown  in  Table  43. 

Modulus  values  were  determined  from  three  different  measurements: 

(1)  deflection  measurements  from  ring  flexure,  (2)  strain  gage 
measurements  from  ring  flexure  and  (3)  strain  gage  measurements 
from  hydrostatic  compression.  The  first  two  values  represent 
average  flexure  moduli  and  the  third  an  average  compressive 
modulus.  The  flexural  moduli  were  generally  less  than  the  com¬ 
pressive  modulus  for  the  same  ring. 
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The  flexural  moduli  for  the  3DCC  rings  J 109-35-1  and  -5  were 
9.4  x  10b  psi  and  10.0  x  10*  psi  based  on  strain  gage  measurements 
and  10.6  x  10 b  and  11.1  x  10 r'  psi  based  on  deflection  measurements. 
The  compressive  moduli  from  the  hydrostatic  compression  evaluations 
were  13.7  x  10 and  14.4  x  10s  for  rings  -1  and  -5.  These  com¬ 
pressive  moduli  seem  somewhat  high  when  compared  to  the  range  of 
circumferential  modulus  values  of  7.66  x  10b  to  10.4  x  10*  which 
was  measured  on  compressive  specimens  of  the  AHP  project.  The 
difference  between  the  AH*  and  AHCA  data  may  be  due  to  the  differ¬ 
ences  in  specimen  configuration. 

The  flexural  moduli  for  the  Sandia  Felt  CC  rings  2N-2  and 
3N-2  were  1.22  x  106  and  1.24  x  I0b  psi  based  on  strain  gage  measure¬ 
ments  and  1.34  x  10s  and  1.39  x  10b  psi  based  on  deflection 
measurements.  Hydrostatic  compression  gave  values  of  the  com¬ 
pressive  moduli  of  1.91  x  10l  and  1.73  x  106  psi.  Circumferential 
compressive  moduli  from  the  AHP  program  ranged  from  1.30  x  106  to 
1.91  x  10c  psi. 

The  flexural  moduli  for  the  R6300  rings  2  and  4  were  1.47  x  106 
and  1.50  x  I0b  psi  based  on  strain  gage  measurements  and  1.62  x  10* 
and  1.68  x  10b  psi  based  on  deflection  measurements.  Compressive 
moduli  from  the  hydrostatic  compression  evaluations  were  1.81  x  106 
and  1.62  x  106  psi.  The  range  of  circumferential  compressive  moduli 
from  the  AHF  program  was  1.36  x  1 0b  to  1.57  x  106  psi. 
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R«*in  Pockata  (Typical) 


Figure  1.  Construction  of  AVCO  3DCC 


Aluainu*  understrucbire  for 
structural  response 
Sylgard  182  RTV  Bond. 


Pigure  2.  AVCO  R6300  -  Single  Phase  2D,  20-Degree  Angle  Tape 
Wrap  CP  with  A1  (6061-T6)  Backing  Plate 
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Figure  5  .  Cutting  Plan  for  Removing  Circumferential  Tensile 
Blanks  from  3D  Carbon-Carbon  l*.tDacted  Arcs  8-AR-8r 
8-AR-2  and  8-AR-5 
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Cutting  Plan  for  Plates 
12-F-16  and  12-F-13 
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Cutting  Plan  for  Removing  Axial  Tensile  Blanks  from 
Felt  Carbon-Carbon  Impacted  Plates  12-F-V,  12-F-lb 
and  12-F-13 
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Radial  Direction 


Figure  11.  Configuration  of  Specimen  Strip  for  Felt  CC 
Used  in  Radial  Inflow  Apparatus 
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Figure  12.  Configuration  of  Axial  Tensile  S 
Evaluations  of  Specimens  .fron  3D 
Impacted  Arcs 


0.100  in 


1/4  in.  R 


Figure  13.  Modification  to  Tensile  Specimen  for  Ultimate 

Strength  Evaluations  on  Specimens  from  3D  Carbon 
Carbon  Impacted  Arcs 
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Figaro  14.  Configuration  of  Axial  Tenaile  Specimen  Uaad  for  Evaluat* on  Specimens 
from  Fait  Carbon-Carbon  Impacted  Plates 


Figure  15.  Configuration  of  Circumferential  Compressive 
Specimen  Used  for  Evaluations  on  Specimens 
from  3D  Carbon-Carbon  Impacted  Arcs 
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Figure  17  *  Configuration  of  Axial  Compressive  Specimens  Used 

for  Evaluations  on  Specimens  from  Felt  Carbon-Carbon 
Impacted  Plates  12-F-ll  and  12-F-l 


Figure  18.  Preparation  of  Thermal  Expansion  Specimens  of  3DCC  in  Axial 
Direction  from  Used  Compressive  Specimens 


Figure  21.  Preparation  of  Thermal  Expansion  Specimens  of  Felt  CC  in  the  Circum¬ 
ferential  Direction  from  Used  Compressive  Specimen 
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Figure  22.  Configuration  of  Thermal  Conductivity  Specimen 
Used  in  the  Comparative 'Rod~ Apparatus  for  3DCC 
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figure  23 


Specimens  made  from  12-F-10  and  12-F-15 


Configuration  of  Thermal  Conductivity  Specimen 
Used  in  the  Comparative  Rod  Apparatus  for  Felt  CC 
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Figure  25.  Configuration  of  Circumferential  Tensile  Specimens 
Ufeed  for  Evaluations  on  Specimens  From  R6300 
Impacted  Arcs 


85 


Figure  27.  Configuration  of  Circumferential  Compressive 
Specimens  Used  for  Evaluations  on  Specimens 
•  From  R6300  Impacted  Arcs 


Figure  28*  Configuration  ot  Axial  Tensile  Specimens  Used 
for  Evaluations  on  Specimens  from  3D  Quartx~ 
Phenolic  Impacted  Arcs 
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Center  Specimen  Between  Radials 


Figure  33.  Configuration  of  Circumferential  Tensile  Specimens 

Used  for  Evaluations  on  Specimens  from  Carbon-Phenolic 
Portion  of  3DC/QP  Impacted  Arcs 
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Centerline 


Figure  34.  Configuration  of  Axial  Compressive  Specimen  Used  fo 
Evaluation  on  Specimens  from  the  3D  Carbon-Phenolic 
Portion  of  3DC/QP  Impacted  Arcs 
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Figure  35. 


Configuration  of  Circumferential  Compressive  Specimen 
Used  for  Evaluations  on  Specimens  from  the  3D  Carbon- 
Phenolic  Portion  of  3DC/QP  Impacted  Arcs 


u 


nil 


&&&£& 


1/2  in.  R 


1.428  in 


0.562  in. 


5/16  in 


1.135  L-  _ 0.600 _ 

n.  I  in. 


Approximate  Shape 
of  Shims  for  Virgin 
Material 
See  Note  1 


Notes:  1.  Virgin  Specimens  0.092  in. 

2.  Center  Specimen  Between  Radials 


Figure  36  .  Configuration  of  Axial  Tensile  Specimens  for  Evaluations 
on  Specimens  from  Quartz -Phenolic  Portion  of  3DC/QP 
Impacted  Arcs 
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Center  Specimen  Between  Radials 


Figure  37.  Configuration  of  Circumferential  Tensile  Specimens 

Used  for  Evaluations  on  Specimens  from  Quartz-Phenolic 
Portion  of  3DC/QP  Impacted  Arcs 
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Center  Specimen  on  Radials 


Figure  38.  Configuration  of  Axial  Compressive  Specimen  Used  for 
Evaluations  on  Specimens  from  the  3D  Quartz-Phenolic 
Portion  of  3DC/QP  Impacted  Arcs 
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SECTION  II 

MATERIAL  AND  SPECIMEN  PREPARATIONS 
IMPACTED  CARBON-CARBON  COMPOSITE  ARCS 

Materials  for  this  phase  of  the  program  included  arc:*  of 
AVCO  3D  Carbon-Carbon ,  Material  #8,  and  plates  of  Sandia  Felt 
Carbon-Carbon,  Material  #12.  All  but  one  of  the  3DCC  arcs  had 
nominal  dimensions  of  0.450  in.  thick  by  1.50  in.  width  by 
3.0  in.  chordal  length  on  an  outside  radius  of  4.50  in.  All 
but  one  of  the  Felt  CC  plates  were  nominally  2.0  in.  square  by 
0.450  :Ln.  thick.  The  odd  3DCC  Arc  8-AR-V,  Was  nominally  0.450  in. 
thick  by  1.50  in.  width  by  2.0  in.  in  chordal  length.  Felt  CC 
Plate  12-F-l  was  nominally  1.50  in.  square  by  0.45  in.  thick. 

All  of  these  arcs  and  plates  except  those,  labeled  "V"  (virgin)  had 
previously  been  subjected  to  flyer  plate  impact  loading. 

The  3DCC  was  an  orthogonal  three-dimensional  carbon-carbon 
composite.  The  composite  was  densified  by  phenolic  impregnation, 
pyroliaed  and  graphi tired.  The  construction  of  this  material 
is  shown  in  Figure  1.  A  group  photograph  of  the  arcs  evaluated 
is  shown  as  Figure  53. 

The  Felt  CC  was  a  multidirectional  carbon-carbon  composite. 

A  rayon  felt  carcass  was  assembled  by  needling,  e  process  which 
pulled  some  of  the  fibers  through  the  thickness  direction  of 
the  various  lelt  layers.  .  The  carcass  was  infiltrated  with 
pyrolytic  graphite,  and  finally  graphitixed.  A  group  photograph 
of  the  plates  xs  shown  as  Figure  72. 

The  arcs  and  plates  supplied  for  this  program  were: 


3DCC  (Materiel  #8) 

Impact  Level 
(Xilctaps) 

8-AR-V 

0 

8-AR-8 

1.030 

8-AR-4 

1.640 

8-AR-2 

2.200 

8-AR-7 

3.045 

8-AR-5 

3.360 

8-AR-l 

5.390 

8-AR-6 

7.560 

8-AR-3 

7.880 

3 


2 


.  Felt  CC  (Material  112)  Inpact  Level 

(Kilotaps) 


12-F-V 

0 

12-F-15 

1.210 

12-F-16 

1.700 

12-F-14 

2.490 

12-F-  1 

2.430 

12-F-13 

3 .070 

12-F-10 

3.440 

12-F-ll 

4.140 

Arcs  8-AR- 6  and  8-AR- 3  were  too  severly  damaged  during 
inpact  loading  for  evaluation  in  this  program.  Plate  12-F-14 
was  apparently  an  anomalous  specimen  which  developed  a  midplane 
delanination  and  surface  cracks  at  a  relatively  low  impact 
level.  An  attempt  was  made  to  evaluate  this  specimen  using  NOT 
and  bulk  flexure.  The  results  were  considered  questionable  end 
no  further  evaluations  were  attempted. 


After  the  NDT  consisting  of  radiograph,  visual  inspection, 
40X  photomicrography,  bulk  density,  ultrasonic  velocity,  ultra¬ 
sonic  transmission,  open  porosity,  penetrant  inspection,  thick¬ 
ness  measurement  and  bulk  flexure  evaluations,  the  3DCC  arcs 
and  Felt  CC  plates  were  cut  into  blanks  as  shown  in  Figures  5 
through  8.  The  3DCC  blanks  were  all  oriented  in  the  circumfer¬ 
ential  direction.-  The  Felt  CC  blank's  were-  supposed  to  be 
oriented  in  the  circumferential  direction  also.  A  mixup  in 
identification  of  the  p3ate  directions  resulted  in  all  Felt  CC 
blanks  being  oriented  in  the  axial  direction.  The  specimens 
were  identified  as  follows: 


8-AR- 2- TIC 


•  Direction  of  Evaluation:  A  *  Axial 
C  *  Circumferential 

-  Specimen  Number 

-  Specimen  Primary  Evaluation  Type: 

T  =  Tensile,  C  *  Compressive 
TE  *  Thermal  Expansion, 

K  *  Thermal  Conductivity 

Arc  Identification 
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The  size  of  the  test  matrix  and  the  limited' material 
available  required  that  some  specimens  be  used  for  several 
evaluations.  The  3DCC  arcs  numbered  8-AR-8 ,  8-AR-2,  and 
8-AR-5 ,  were  designated  for  tensile  evaluations.  Felt  CC 
specimens  from  plates  12-P-V,  12-F-16,  and  12-F-13  were  used 
for  tensile  evaluations.  The  remaining  arcs  were  utilised  for 
compressive  evaluations.  All  blanks  received  NOT  evaluations 
consisting  of  bulk  density,  radial  and  axial  velocity,  and 
radial  ultrasonic  transmission.  Specimen  blanks  8-AR-8-T1C 
through-T4C  and  12-F-V-T1A  through-T4A  were  used  for  thermal 
conductivity  evaluations  in  the  radial  inflow  apparatus  prior 
to  tensile  evaluations.  These  specimen  blanks  were  adapted  for 
these  evaluations  by  machining  to  the  configurations  shown  in 
Figures  10  and  11.  Specimen  blanks  8-AR-5-T1C  through-T4C, 
8-AR-2-T1C  through-T4C,  12-F-15-C1A  through-C4A  and  12-F-10-C1A 
through-C4A  were  used  for  thermal  expansion  evaluations  prior 
to  compressive  evaluations .  Two  of  these  blanks  from  a  given 
arc  were  stacked  to  give  the  3.0  in.  gage  length  for  the 
expansion  evaluations.  This  provided  expansion  specimens  in 
the  axial  direction  for  Material  #12  and  in  the  circumferential 
direction  for  Material  #8.  After  the  thermal  evaluations  the 
tensile  blanks  were  machined  to  the  configurations  shown  in 
Figures.  12  and  14  and  the  compressive  blanks  as  shown  in  Figures 
15,  16  and  17.  The  specimens  were  given  NOT  evaluations  con¬ 
sisting  of  open  porosity,  visual  inspection,  and  radiography. 
After  the  3DCC  tensile  specimens  were  run  for  modulus  they  were 
remachined  as  shown  in  Figure  13  to  improve  the  probability  of 
tensile  failures . 

Used  compressive  specimen  ends  were  employed  for  the  ex¬ 
pansion  specimens  in  the  circumferential  direction  for  Felt  CC 
and  additional  evaluations  in  both  directions  on  the  3DCC 
material.  The  extraction  of  these  specimens  are  illustrated 
in  Figures  18  through  21. 

As  mentioned  above,  certain  tensile  specimen  blanks  were 
used  for  thermal  evaluations  prior  to  finish  machining  to 
tensile  specimens.  In  addition,  comparative  rod  thermal  conduc¬ 
tivity  specimens  were  built  up  of  pieces  taken  from  scrap 
material  from  arcs  8-AR-8  and  8-AR-2  and  plates  12-F-10  and 
12-F-15.  The  configurations  of  these  thermal  conductivity 
specimens  are  shown  in  Figures  22  and  23. 
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Materials  for  this  phase  of  the  program  included  arcs  of 
R6300,  3D  Quartz-Phenolic  and  3D  Carbon/Quartz-Phenolic,  These 
arcs  had  previously  been  subjected  to  a  flyer  plate  impact 
loading  at  Kaman  Sciences  and  evaluated  for  structure  change 
by  nondestructive  testing  and  flexural  modulus  determination 
at  Southern  Research  Institute.  These  evaluations  were  reported 
in  "Damage  Study  of  Several  Carbon-Phenolic  Composite  Materials" 
to  Kaman  Nuclear,  Purchase  Order  71P00657  dated  July  6,  1971. 

The  arcs  originally  had  nominal  dimensions  of  0.450  in. 
thick  by  1.50  in.  wide  by  3.0  in.  chcrdal  length  with  an  outside 
radius  of  4.50  in.  The  width  dimension  in  some  cases  was  altered 
during  the  previous  evaluations.  The  altered  width  aggravated 
the  specimen  geometry  problems  of  the  evaluations  for  this  prograr . 

The  R6300  composite  was  a  single  phase  2D,  20  degree  angle 
tape  wrap  phenolic-carbon  with  an  aluminum  (6061-T6)  backing 
plate.  A  sketch  of  the  construction  of  this  material  is  shown 
in  Figure  2.  A  group  photograph  of  the  arcs  evaluated  is  shown 
in  Figure  89. 

The  3D  Quartz-Phenolic  (3DQP)  was  a  single  phase  3D 
orthogonal  phenolic-quartz  composite.  A  sketch  of  the  construc¬ 
tion  of  this  material  is  shown  in  Figure  3.  A  group  photograph 
of  the  arcs  evaluated  is  shown  in  Figure  94. 

The  3D  Carbon/Quartz  Phenolic  (3DC/QP)  was  a  two  phase 
material  made  of  3D  orthogonal  phenolic-graphite  over  a  3D 
orthogonal  phenol ic-gua\rtz.  The  radials  were  phenolic-carbon# 

A  sketch  showing  the  construction  of  this  material  is  shown  in 
Figure  4.  A  group  photograph  of  the  arcs  evaluated  is  shown  as 
Figure  99. 
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Included  in  the  list  of  phenolic~composite  arcs  for  this 
program  were: 


1.  R6300  (Material  #10) 


10-AR-V 

10-AR-4 

10-AR-7 

iO-AR-6 

XO-AR-3 

10-AR-l 

10-AR-5 

10-AR-2 


Impact  Level 
(kilo  taps) 

0 

0.490 

1.570 

1.660 

1.900 

1.990 

4.04G 


2.  3D  Quartz~Phenolic,  3D QP 
(Material  ill) 


Impact  Level  » 
(Xilotaps) 


11-AR-V 

ll-AR-8 

ll-AR-5 

Xl-AR-3 

ll-AR-7 

11-AR-l 

ll-AR-2 

ll-AR-6 


0 

4.58 

7.54 

7.95 

8.61 

9.01 

9.01 

9.88 


3.  3D  Carbon/Quar tz-Pbecolic ,  Impact  Level 

3DC/QP  (Material  #15)  (Kilotaps) 


15-AR-V 

0 

15-AR-3 

4.09 

15-AR-5 

4.69 

15-AR-6 

5.18 

15-AR-4 

6.66 

15-AR-7 

6.51 

15-AR-8 

*  6.54 
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A  common  cutting  plan  was.  used  for  blanking  all  phenolic 
composite  arcs,  Figure  9.  Two  specimen  blanks  were  oriented  in 
the  axial  direction  and  two  in  the  circumferential  direction. 
Each  3DC/QP ,  Material  #15,  blank  was  further  sliced  into  two 
smaller  blanks  which  were  predominantly  3DCP,  designated  #15A, 
and  3DQP ,  designated  #15B.  The  specimen  blanks  were  identified 
as  follows: 


§ 


11"AlR~8-T3C^ 


-Direction  of  Evaluation: 
C  =  Circumferential 

-Specimen  Number 


A  =*  Axial, 


-Specimen  Evaluation  Type: 

T  -  Tensile,  C  =  Compressive 

-Arc  Identification 


Of  the  R6300  arcs  from  the  earlier  program,  arc  10-AR-2 
was  considered  too  severely  damaged  and  no  attempt  was  made  to 
machine  specimens  from  it.  The  Virgin  R6300  Arc,  10-AR-V,  had 
no  aluminum  backing  plate.  The  aluminum  backing  plate  was  re¬ 
moved  from  the  remaining  arcs  by  fly  cutting  in  a  milling  machine. 
The  specimens  were  blanked  as  previously  described  and  blanks  were 
designated  for  tensile  evaluations  from  arcs  10-AR-4,  10-AR-6, 
and  10-AR-l.  The  remaining  R6300  blanks  were  designated  for 
compressive  evaluations. 

The  3DQP,  Material  #11,  Arcs  numbered  ll-AR-8,  ll-AR-3, 
ll-AR-7,  and  ll-AR-6  were  designated  for  tensile  evaluations. 

The  remaining  arcs  were  used  for  compressive  evaluations.  The 
arcs  from  the  previous  program  were  of  varying  widths  and  this 
distribution  was  chosen  to  utilize  the  longest  axial  direction 
specimen  blanks  for  tensile  evaluations. 

The  3DC/QP,  Material  #15,  Arcs  numbered  15-AR-V,  15-AR-5, 
and  1 5 - AR- 4  were  designated  for  tensile  evaluations.  The  remaining 
arcs  were  used  for  compressive  evaluations.  In  this  distribution 
the  two  most  severely  damaged  were  chosen  for  compressive  evalu¬ 
ations  and  the  remaining  distribution  *;as  selected  generally  to 
utilize  the  longest  axial  blanks  for  tensile  evaluations  and  to 
distribute  the  tensile  and  compressive  evaluations. 
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After  NDT  evaluations  of  the  specimen  blanks,  they  were 
machined  to  finished  specimen  configurations.  Each  specimen 
type,  loading  direction  and  material  type  was  machined  to  its 
optimum  configuration  for  the  material  available.  Generally 
each  specimen  was  the  maximum  possible  thickness  and  length. 

The  gage  v/idth  of  tensile  specimens  from  the  orthogonal  composites, 
3D  Quartz-Phenolic,  Material  #15A  and  Material  #15B  was  chosen 
to  give  two  unit  cells  centered  on  the  width.  Compressive 
specimens  from  these  materials  used  four  unit  cells  centered  on 
the  gage  widths.  The  gage  width  of  the  R6300  specimens  was 
chosen  to  give  a  convenient  and  representative  cross-section. 
Figures  24  through  39  show  the  configurations  of  the  finished 
specimens. 
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SECTION  HI 

APPARATUSES  AND  its* C  'DU RES 
NONDESTRUCTIVE  TESTING  AND  MONITOR  EVALUATIONS 

VISUAL  AND  LIGHT  MICROSCOPY  -  For  virgin  material,  visual 
inspections  (IX  to  10X)  were  made  on  exposed  surfaces  of  bulk 
and  specimen  shapes  to  determine  material  macro-level  typicality 
and  surface  anomalies.  This  was  effective  for  detecting  surface 
variations  such  as  yarn  bundle  fraction  variations,  separations, 
macrovoids,  discolorations,  resin-rich  and  resin-starved  areas, 
yarn  bundle  wrinkling  and  spacing  variations,  ply  spacing  vari¬ 
ations,  and  void  clusters.  Results  were  documented  photograph¬ 
ically.  Definitions  of  terns  used  to  describe  the  structure- 
changes  are  shown  in  Figure  40.  For  micro-level  characterization, 
photomicrographs  at  40X  were  used  to  establish  material  typicality 
such  as  microcracking  in  yarn  bundles,  microcracking  between 
matrix  and  yarn  bundles,  pore  sizes,  and  pore  size  distributions. 
Such  information  was  used  to  detect  material  variability  (within 
single  batch)  and  reproducibility  (batch  to  batch  variability) . 

For  impacted  materials,  visual  inspection  (IX  to  10X)  were 
performed  on  the  edges  and  surfaces  of  the  specimens  to  assess 
macro- level  structure  change.  Results  were  documented  photo¬ 
graphically.  Photomicrographs  (40X)  were  made  on  one  edge  (normal 
to  axial  direction)  of  specimens  to  assess  micro-level  structure 
change.  Results  from  these  inspections  were  compared  to  those 
from  virgin  material  for  assessment  of  structure- change.  The 
photographs  from  both  the  visual  inspection  and  the  photomicro¬ 
graphs  for  the  various  levels  of  impact  were  compared  with  one 
another  and  with  those  from  virgin  material  for  assessment  of 
structure-change.  The  Southern  Research  indexing  and  orientation 
systems  used  to  locate  a  specific  feature  are  shown  in  Figures 
41  and  42. 

GRAVIMETRIC  BULK  DENSITY  -  Bulk  density  measurements  for 
specimens  having  a  regular  configuration  were  calculated  from 
direct  measurements  of  weights  and  lengths.  An  analytical  balance 
having  a  sensitivity  of  ±0.0001  gram  was  used  for  weighing. 
Micrometers  read  to  the  nearest  0.0005  in.  were  used  for  measuring 
lengths,  and  a  traveling  microscope  accurate  tc  ±0.001  in.  was 
used  for  measuring  chord  lengths. 
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RADIOGRAPHY  -  Radiography  was  performed  using  state-of-the- 
art  X-ray  techniques  for  low-absorptive  materials.  The  radio- 
graphic  unit  used  was  a  Radifluor  360  manufactured  by  Torr  X-Ray 
Corporation,  a  division  of  Phillips  Electronics.  This  unit  is 
rated  for  operation  from  0  to  120  kv  at  either  3  or  5  ma,  making 
it  ideal  for  phenolic  and  carbon-carbon  type  materials.  The  unit 
incorporates  certain  basic  characteristics  that  are  essential 
for  examination  of  low-absorptive  materials  with  high  resolution 
and  sensitivity.  The  focal  spot  size  is  0.35  mm,  and  the  X-ray 
tube  window  is  0.015  in.  thick  beryllium.  A  small  focal  spot 
size  provides  high  sensitivity  and  distortion-free  imaging  of 
small  discontinuities.  Radiographic  sensitivity  using  extra-fine 
grain  file  is  within  one  percent  (per  Mil-  STD  453) . 

Operational  and  film  development  procedures  were  consistent 
with  conventional  good  radiographic  practices.  For  example,  image 
sensitivity  and  contrast  was  enhanced  by  using  minimum  power 
settings  for  longer  time  periods.  Sharp  .imaging  was  ensured  by 
using  extra-fine  grain  film  (such  as  Eastman  Type  M)  and  by  using 
a  long  FFD  (  up  to  46  in.).  Hand  film  processing  in  accordance  to 
the  film  manufacturer's  suggested  procedure  was  used  to  assure 
maximum  quality.  Image  quality  was  checked  using  penetrameters 
from  similar  material.  Penetrameter  hole  sizes  used  are  1/2T,  IT 
and  2T  (IT  and  2T  holes  as  defined  by  MIL-STD-453) .  Radiographs  are 
inspected  in  a  dark  room  using  a  high  intensity  (variable)  spot 
illuminator. 

ULTRASONICS  -  Basic  apparatus  used  in  the  ultrasonic  measure¬ 
ments  of  velocity,  pulse-echo  and  through-transmission  are  a  Sperry 
UM721  Reflectoscope  and  a  Tektronix  564  Oscilloscope.  Velocity 
is  evaluated  using  the  through- transmission,  elapsed-time  technique. 
The  Sperry  Um721  is  used  as  the  pulser,  and  the  Tektronix  564 
complete  with  a  3B3  time  base  (precision  of  1  percent)  and  a  3A3 
vertical  amplifier  is  used  as  the  signal  measuring  device. 

Inspection  for  flaws  is  done  using  the  Sperry  UM721  and  the  pulse- 
echo,  reflection  technique.  Transmission  measurements  are  made 
using  the  pulsed  through -transmission  technique  with  an  in-line 
attenuator  to  simulate  the  varying  degrees  of  structure-change. 

The  Sperry  UM721  is  used  as  the  signal  pulser,  the  Tektronix  564 
as  the  signal  measuring  device,  and  a  Kay  Model  20-0,  41dB  in-line 
attenuator  for  assessing  relative  structure-changes  in  the 
various  specimens. 


In  using  the  through- transmits ion,  elapsed- time  technique  for 
measuring  acoustic  velocity,  a  short  pulse  of  longitudinal-mode 
sound  is  transmitted  through  the  specimen.  An  'electrical  pulse 
originates  in  a  pulse  generator  and  is  applied  to  a  ceramic  piezo¬ 
electric  crystal  (SFZ) .  The  pulse  generated  by  this  crystal  is 
transmitted  through  a  short  delay  line  and  inserted  into  the 
specimen.  The  time  of  insertion  of  the  leading  edge  of  this  sound 
beam  is  the  reference  point  on  the  time  base  of  the  oscilloscope 
which  is  used  as  a  high-speed  stopwatch.  When  the  leading  edge 
of  this  pulse  of  energy  reaches  the  other  end  of  the  specimen, 
it  is  displayed  on  the  oscilloscope.  The  difference  between  the 
entrance  and  exit  times  is  used  with  the  specimen  length  in 
calculating  ultrasonic  velocity.  A  short  lucite  delay  line  is 
used  to  allow  time  isolation  of  the  sound  wave  from  electrostatic 
coupling  and  to  facilitate  clear  presentation  of  the  leading 
edge  of  the  entrant  wave  resulting  in  a  more  accurate  "zero"  for 
time. 

Using  0. 5/1.0  MHz  transducers  coupled  with  alcohol,  the  pre¬ 
cision  for  this  velocity  measurement  technique  has  been  established 
for  polygraphites  such  as  ATJ-S  as  ±0.002  in.  per  microsecond  for 
a  four  in.  long  by  1/2  in.  diameter  specimen  and  as  ±0.010  in.  per 
microsecond  for  a  1/4  in.  long  by  1/4  in.  diameter  specimen. 

In  using  the  pulse-echo,  reflection  technique  to  detect  macro¬ 
flaws,  test  blocks  from  ATJ-S  polygraphite  are  used  as  calibration 
references  for  estimating  the  location,  depth  and  size  of  dis¬ 
continuities.  These  blocks  are  normally  .-bout  5/8  in.  square  by 
2,  3,  and  4  in.  long.  At  one  end,  a  single  flat-bottom  hole  is 
drilled  along  the  specimen  axis  to  a  depth  of  1  in.  The  hole 
sizes  range  from  1/32  to  1/4  in.  in  1/32  in.  increments.  The 
maximum  penetrating  signal  frequency  is  used  for  maximum  resolu¬ 
tion,  and  instrument  settings  are  duplicated  as  much  as  possible 
for  evaluations  of  similar  materials.  Alcohol  is  used  as  the 
couplant.  Two  techniques,  using  a  Tektronix  Oscilloscope  C-12 
camera,  are  used  in  recording  pulse-echo  signals  from  specimens. 

The  first  technique  involves  taking  photographs  of  the  signal 
as  transmitted  from  one  or  both  ends  of  the  specimen  to  determine 
"standing  signals,"  The  second  technique  involves  recording  a 
multiple  trace  (smear)  of  the  signal.  This  is  done  by  revolving 
the  specimen  on  the  face  of  the  transducer  on  about  a  i/8  in. 
radius  with  the  camera  shutter  open.  This  technique  tends  to 
randomize  the  background  noise  and  to  define  the  more  repetitive 
'‘standing  signals.” 
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In  using  the  through- transmission  technique  for  detecting 
structure  variations,  Figure  43,  sound  is  transmitted  through 
the  specimen  :and  displayed  by  the  oscilloscope.  '?he  gain  of  the 
oscilloscope  is  held  constant  and  a  calibrated  step  attenuator 
located  in  the  input  circuit  is  used  to  maintain  the  displayed 
waveform  at  a  constant  amplitude.  Values  of  transmission  (called 
added  dB)  relative  to  a  reference  material  may  be  read  f'-om  the 
step  attenuator.  Measurements  are  made  in  an  alcohol  bath  to 
minimize  effects  of  contact  coupling  and  near  field  effects. 

A  suitable  fixture  is  used  to  align  the  transducers  and  to  hold 
the  specimen  squarely  in  the  sound  beam.  When  specimen  geometry 
is  such  that  part  of  the  energy  in  the  sound  beam  could  by-pass 
the  specimen,  foam  padding  is  used  as  a  block  to  absorb  this 
energy.  The  sensitivity  of  the  calibrated  attenuator  is  ±  1  dB 
with  a  minimum-maximum  attenuation  from  0  to  41  dB. 

POROSITY  BY  LIQUID  ABSORPTION  -  The  evaluation  of  porosity 
and  density  of  porous  type  materials  such  as  polygraphites  and 
carbon-carbon  or  carbon-phenolic  composites  are  evaluated  using  a 
liquid  absorption  technique.  Using  this  technique,  mineral  spirits 
(s.g.  776)  is  vacuum  impregnated  into  samples  of  material.  From 
measurements  of  dry  weight,  suspended  weight  and  saturated  weight, 
evaluations  of  absorption,  density  (bulk  and  apparent) ,  and  open 
porosity  can  be  calculated  directly.  If  the  true  density  of  the 
material  sample  is  known,  the  total  pore  si ty  and  thus,  the  closed 
porosity  of  the  material  sample  can  be  calculated. 

The  normal  procedure  used  in  making  liquid  absorption 
measurements  involves  first  a  thorough  drying  and  then  precise 
weighing  of  specimens  to  determine  dry,  suspended  and  saturated 
weights  (recorded  to  nearest  0.0001  gram).  First,  the  specimens 
are  oven  dried  at  temperature  above  212°F  for  two  hours  to  drive 
out  absorbed  moisture  and  then  weighed  to  determine  dry  weight. 
Individual  specimens  are  then  placed  in  small  beakers  which  are 
placed  on  their  sides  in  a  desiccator.  After  the  desiccator  is 
sealed  off,  a  vacuum  of  50  microns  of  Hg  is  pulled  and  held  for 
two  hours  to  remove  entrapped  air  from  the  specimens.  The 
dessicator  is  then  purged  with  mineral  spirits  until  the  beakers 
containing  the  specimens  are  submerged.  The  desiccator  is  then 
vented,  and  the  specimens  are  left  in  the  desiccator  for  20 
minutes  to  allow  vapor  inside  the  specimens  to  condense. 


The  suspended  weight  is  obtained  by  weighing  the  saturated 
specimen  while  suspended  in  the  mineral  spirits.  The  specimens 
are  kept  submerged  by  righting  the  beakers  in  the  desiccator  to 
maintain  the  mineral  spirits  level  above  the  specimen.  As  shown 
in  Figure  44,  a  basket  is  suspended  from  a  balanced  beam  such 
that  the  level  of  mineral  spirits  in  the  individual  beakers 
cover  the  specimen  and  basket  at  all  times  during  the  weighing 
operation.  The  tare  weight  of  the  basket ,  which  .is  subtracted 
from  the  total  suspended  weight  to  determine  the  suspended  weight 
of  the  specimen,  is  determined  by  weighing  the  suspended  basket 
submerged  in  mineral  spirits  to  the  same  depth  that  the  specimen 
is  weighed.  Care  is  used  to  ensure  that  no  air  bubbles  cling  to 
the  basket  and  that  a  clearance  between  the  basket  and  sides  of 
the  beaker  is  maintained. 
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For  determining  saturated  weight,  the  specimens  are  removed 
from  the  mineral  spirits  and  wiped  carefully  to  remove  excessive 
surface  mineral  spirits.  The  specimens  are  then  weighed  immedi¬ 
ately  to  determine  the  saturated  weight. 


From  the  three  wei"t't~  taken  for  each  specimen  (dry  weight, 
suspended  weight  and  ...a ted  weight)  percent  water  absorption, 
open  porosity,  bulk  density  and  apparent  density  are  determined. 
The  total  porosity  can  be  determined  also  when  the  true  density 
of  the  material  is  known.  The  equations  used  for  these  calcu¬ 


lations  are: 


W 


100  percent 


(1) 


Wsa~Wd  \  x  100  percent 
Wsa~Wsu 
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where 

Wa  *  Water  absorption 

W  *  Weight  of  sample  when  saturated  with  liquid  m 

Wg  *  Dry  weight  of  sample 

WQu  &  Weight  of  sample  when  suspended  in  liquid  m 

Pm  *  Density  of  liquid  at  (about  0.76  gm/cm3  for  mineral 
spirits  -  s.  g.  checked  after  each  run) 

p  *  Density  of  liquid  water 

pt  *  True  density  of  sample  • 

*  Bulk  density  of  sample 

pa  *  Apparent  density  of  sample 

PQ  *  Open  porosity 

Pfc  *  Total  porosity 

Weights  for  this  evaluation  are  determined  using  an  analyti¬ 
cal  balance  sensitive  to  0.0001  gram.  Instrument  precision  for 
measuring  absorption  is  *0.10,  bulk  density  is  ±0.002  gm/cm3, 
open  porosity  is  ±0.15  and  total  porosity  is  ±0,05. 

FILTE RED-PARTICLE  PENETRANT  INSPECTION  -  For  inspecting  porous 
materials  whose  particle  size  is  100  mesh  or  smaller,  the  filtered- 
particle  inspection  method  is  applicable.  The  filtered-particle 
system  consists  of  a  fluid  (suspending  medium}  containing  a  dis¬ 
persion  of  properly  sized  and  shaped  particles.  Differential  liquid 
absorption  between  an  area  containing  a  curack  and  one  that  does 
not  is  the  phenomena  which  causes  the  particles  to  congregate 
about  a  surface  discontinuity .  For  example,  when  the  filtered- 
particle  penetrant  is  applied,  more  liquid  is  absorbed  at  the  site 
of  a  crack  than  anywhere  else  because  of  the  extra  absorption 
area  within  the  defect.  As  the  liquid  enters  the  defect,  the 
suspended  particles  are  filtered  out  at  the  surface  causing  a 
higher  concentration  of  particles  along  the  defect. 

The  filtered-particle  system  used  at  Southern  Research  for 
phenolic  and  graphitic  materials  is  Partefc  P-1A  (in  alcohol) 
manufactured  by  the  Magnaflux  Corporation.  This  system  can  be 
obtained  with  either  an  oil  or  alcohol  base  with  a  fluorescent 
particle  which  becomes  clearly  visible  under  black  light. 
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The  procedure  for  using  the  fil ter ed-p article  system  con¬ 
sists  first  in  applying  the  technique  to  a  material  which  is 
applicable  to  the  test.  Partek  P-1A  when  correctly  used  detects 
minute  cracks  which  measure  only  about  0.002  to  0.003  in.  wide 
on  the  surface.  Application  is  by  hand  using  an  eye  dropper, 
and  inspection  is  done  under  black  light.  Results  are  recorded 
photographically  using  a  Polaroid  NP-3  camera  with  a  Polaroid 
No.  HNCP  37  x  0.030  in.  filter  and  black  light  illumination. 

ALCOHOL  PENETRANT  INSPECTION  -  Alcohol  is  used  on  porous 
materials  such  as  graphites,  phenolic  and  carbon-carbon  composites 
as  a  nondestructive  test  for  surface  discontinuities  such  as  gross 
porosity,  wide  density  variations,  large  inclusions  and  cracks. 
When  a  material  is  wetted  with  alcohol,  porous  areas  and  cracks 
remain  wet  for  a  longer  period  of  time  than  the  surrounding 
material.  The  differential  evaporation  effect  is  discernible 
by  visual  observation.  Although  this  technique  is  not  quanti- 
tized  (it  probably  could  be) ,  it  is  effective  in  revealing  surface 
discontinuities . 


The  alcohol  inspection  procedure  involves  the  following: 

1.  Application  of  alcohol  to  surface  of  specimen  usually 

for  5  to  10  seconds.  This  can  be  done  by  flooding,  brushing,  or  {  j 

immersing. 

2.  Inspection  of  specimen  surface  as  alcohol  evaporates. 

Porous  areas  will  remain  wetted  while  the  surrounding  smooth 
areas  will  dry.  Cracks  also  will  remain  wetted  depending 
primarily  upon  the  depth  and  width  of  the  crack. 

3.  Record  is  made  of  visual  observations. 

This  technique  is  useful  in  revealing  surface  discontin¬ 
uities.  Other  NDT  methods  of  inspection  such  as  ultrasonics 
and  radiography  can  be  used  in  conjunction  with  the  penetrant 
test  to  determine  the  extent  of  the  surface  discontinuity 
internally. 
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CARBON-CARBON  COMPOSITES 


MODULUS  OF  ELASTICITY  (MOE)  IN  FLEXURE  -  The  evaluation  of 
modulus  of  elasticity  in  flexure  was  performed  in  a  four-point 
bending  apparatus  shown  schematically  in  Figure  45 *  The  appa¬ 
ratus  consists  of  three  sections:  a  support  section,  loading 
section,  and  deflection  transducer  support.  The  support  section 
is  a  steel  block  with  "V*  guides  for  precise  spacing  and  align¬ 
ment  of  support  pins,  0.500  in.  in  diameter,  at  a  separation  of 
2.250  in.  for  the  3DCC  arcs  and  1.500  in.  for  the  Felt  CC  plates. 
The  loading  section  is  a  stiff  steel  loading  ram  with  MV"  grooves, 
0.750  in.  apart  for  the  3DCC  arcs  and  0.500  in*  fcr  the  Felt  CC 
plates,  for  precise  spacing  and  alignment  of  loading  pins, 

0.375  in.  in  diameter.  The  loading  ram  is  provided  with  guides 
which  ride  in  MV"  grooves  in  the  support  block  to  align  the 
support  block  to  the  loading  ram.  load  is  applied  to  the  loading 
ram  through  a  hardened  steel  ball  in  a  recessed  conical  seat  in 
the  loading  ram. 

An  attempt  was  made  to  determine  flexural  modulus  using 
strain  gages  on  the  specimens.  The  atteaqat  was  successful  for 
the  Felt  CC  material  but  was  not  successful  for  the  3DCC  material. 
The  strain  gages  bonded  readily  to  the  3DCC  material  but  came 
off  the  arcs  with  a  thin  layrr  of  the  material  when  flexed. 

Using  the  strain  gages  the  Felt  CC  plates  were  evaluated  by 
loading  incrementally  and  reading  strain  using  a  Baldwin  strain 
indicator  box.  The  flexural  modulus  was  determined  for  the 
Felt  CC  plates  by: 

1_ 
e 

where 

or  «  Bending  stress 
e  *  Strain  gage  reading 
p  *  Applied  load 
a  *  1/3  Beam  span 
b  »  Beam  width 
h  =  Beam  depth 
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To  conduct  an  MOE  evaluation  on  the  3DCC  arcs,  a  plate  was 
inserted  in  the  deflection  transducer  frame  and  centered.  The 
specimen  and  transducer  frame  were  placed  on  the  support  block 
and  guides  of  the  loading  ram  were  inserted  in  the  guide  grooves 
of  the  support  block.  The  specimen  and  frame  were  then  carefully 
aligned  such  that  the  transducers'  support  frame  arms  were  di¬ 
rectly  above  the  support  rods.  The  assembled  apparatus  was  placed 
between  the  crossheads  of  a  30,000  pound  capacity  Tinius-Olsen 
electromechanical  testing  machine.  Load  was  applied  to  a  maxi¬ 
mum  of  20  percent  of  the  ultimate  strength  of  the  virgin  material. 
Continuous  load  versus  mid-point  deflection  plots  were  recorded 
on  am  X-Y  recorder.  A  minimum  of  three  loadings  per  side  of 
the  specimen  constituted  a  run.  The  flexural  modulus  of 
elasticity  (MOE)  was  calculated  from  the  geometry  and  load- 
deflection  curves  by: 

moe  =  P 

M0E 


where 


1/3  Beam  span  *  0.75  in. 

Moment  of  Inertia  =  bh3 

~TT~ 

Beam  Width 
Beam  depth 

Slope  of  the  load  deflection  curve 
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No  allowance  was  made  for  curvature  of  the  3DCC  specimens. 
Sample  calculations  showed  this  to  be  a  negligible  effect.  The 
deflection  measurement  using  the  LVDT  syato*  includes  a  contri¬ 
bution  due  to  compaction  and  one  due  to  shear.  Even  though  this 
shear  deflection  is  of  the  same  order  of  meignitude  as  the  bending 
deflection  it  does  not  invalidate  the  data.  The  relative  mag¬ 
nitudes  of  the  flexural  modulus  values  obtained  in  this  manner 
provide  a  measure  of  property  change.  This  test  does  prevent 
comparing  data  from  the  damaged  and  virgin  3DCC  arcs  since  the 
latter  arc  had  a  different  geometry  and  the  shear  deflection  is 
strongly  geometry  dependent. 

TENSILE  EVALUATIONS  -  Tensile  evaluations  for  the  carbon- 
carbon  composites,  3DCC  and  Felt  CC,  were  run  in  the  gas-bearing 
tensile  facility.  This  facility  utilizes  precise  alignments 
and  gas-bearing  universal  joints  to  minimize  the  possibility 
(and  magnitude)  of  external  bending  moments  being  applied  to  the 
specimen.-  The  usual  strain  measuring  system  in  this  facility 
is  our  automatic  optical  strain  analyzer.  A  complete  description 
of  the  gas-bearing  tensile  testing  facility  is  included  as 
Appendix  A. 

Six  specimens  made  from  scrap  material  were  evaluated  to 
demonstrate  the  suitability  of  the  Felt  CC  specimen  design. 

Figure  17.  These  evaluations  on  the  Felt  CC  specimens  presented 
no  problems.  Evaluations  as  outlined  in  the  Test  Matrix,  Table  4, 
were  made  on  specimens  from  three  of  the  impacted  plates.  Six 
specimens  were  evaluated  at  3000*F  and  five  at  room  temperature. 
Strain  measurements  were  made  using  the  optical  strain  analyzer. 
Specimens  were  loaded  at  a  constant  10,000  psi  per  minute  stress 
rate.  Load  was  measured  by  a  2500  pound  Strainsert  load  cell. 

Load  versus  strain  was  recorded  on  an  X-Y  recorder  from  which 
ultimate  stress,  elastic  modulus  and  strain-to-failure  were 
derived . 

The  3DCC  specimens  presented  several  problems  which  were 
not  completely  overcome .  First,  the  material  available  for 
each  specimen  was  limited  to  1.50  in.  in  length.  The  anticipated 
strength  of  the  3DCC  material  at  3000*F  was  18,000  psi  in  tension 
and  1,200  psi  in  shear.  The  requirement  that  the  specimen 
gage  contain  an  integral  number  of  unit  cells  centered  on  the 
gage  set  one  gage  dimension  at  either  0.10  or  0.20  in.  (one  or 
two  unit  cells).  For  a  fixed  grip  length  of  0.500  in.  a  gage 
cross  section  of  0.10  in.  x  0.20  in.  maximum  vas  required  to 
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limit  the  shear  stress  in  the  grip.  During  the  specimen  suita¬ 
bility  demonstration  higher  failing  loads  were  obtained-  with  one 
unit  cell  in  the  width  direction.  The  required  elevated  temper** 
ature  tensile  runs  precluded  using  a  combination  mechanical-epoxy 
grip  as  used  for  the  phenolic  composites.  The  pull  rod  and 
specimen  grip  design  which  evolved  are  shown  in  Figure  46. 

Another  problem  with  the  tensile  evaluations  on  the  3DCC 
material  was  with  the  strain  measurement.  Strain  measurements 
on  initial  runs  on  this  material  in  the  gas-bearing  tensile 
facility  were  attempted  using  the  optical  strain  analyzer. 

Seating  of  the  specimen,  bending  of  the  specimen  (due  to 
the  inevitable  non-uniformity  of  the  material)  and  lack  of 
rigidity  of  the  specimen,  gave  motions  which  the  optical  strain 
analyzer  interpreted  as  strain.  These  erroneous  strains  made 
the  analyzer  output  impossible  to  interpret.  Clip-on  strain 
gage  excensometers  do  .ot  suffer  from  these  motions  and  were 
used  to  give  interpretable  stress-s train  plots. 

A  specimen  design  suitability  demonstration  was  attempted 
using  seven  specimens  from  scrap  material  from  the  AHP  program. 
The  grip  lengths  of  these  design  suitability  specimens  were 
varied  from  0.500  to  0.688  in.  The  ultimate  failing  stresses 
increased  with  increasing  grip  length.  All  failures  were  shear 
failures  between  the  individual  circumferential  fibers  and  the 
matxix  material.  The  only  change  in  design  which  could  increase 
the  failing  stress  to  a  level  where  the  mode  was  tension,  rather 
than  shear,  would  be  to  increase  the  grip  length  of  the  specimen. 
The  material  from  the  impacted  arcs  was  not  sufficient  to  in¬ 
crease  the  grip  length. 

The  original  specimen  design.  Figure  15,  was  retained  but 
testing  procedure  was  modified  to  assure  the  highest  possible 
ultimate  stresses.  Stress-strain  curves  at  room  temperature 
were  recorded  to  a  level  below  the  failing  load  of  the  specimen 
grip  section.  Elastic  modulus  was  calculated  from  these  curves. 
The  specimens  were  then  remachined  as  shown  in  Figure  16  to 
give  the  maximum  possible  specimen  “grip"  length.  The  specimens 
were  rerun  recording  only  a  load-time  plot  for  ultimate  strength 
determination.  These  runs  were  at  room  temperature  and  3000 °F. 


PHENOLIC  COMPOSITES 

TENSILE  EVALUATIONS  for  the  phenolic  composite*  were  ruin 
at  room  temperature  in  a  Tinius-Olsen  testing  machine  utilizing 
precision  chain  grips  and  precision  specimen  tabs.  A  sketch  of 
the  test  set  up  is  shown  as  Figure  43.  Chain  grips  are  used 
where  failing  loads  of  the  specimens  are  likely  to  exceed  the 
capacity  of  the  g&s-bearing  facility. 

The  chain  acts  as  a  series  of  universal  joints  and  is 
used  to  minimize  the  possibility  of  externally  applied  bending 
moments  being  introduced  into  the  specimen.  The  chain  Li  adapted 
to  the  grips  by  a  centering  bushing  which  locates  the  chain 
within  0.C01  in.  of  the  centerline  of  the  grips.  The  chain  and 
grips  were  pre-loaded  above  the  chain  rated  load  to  assure 
good  mating  surfaces  in  the  individual  links  and  at  the  grip 
chain  interface. 

The  specimens  were  machined  to  the  maximum  possible 
dimensions  consistent  with  the  material  available  and  the  re¬ 
quirement  that  the  3D  orthogonal  specimens  be  centered  on  the 
weave  pattern  and  contain  an  integral  number  of  unit  cells.  The 
elastic  modulus  desired  was  for  the  total  thickness  if  -possible* 

The  resulting  specimens  were  considerably  smaller  in  length  and 
width  than  good  material  testing  would  require.  The  tab  grip 
utilizing  both  mschanieal  and  epoxy  bonding  to  grip  the  specimen 
was  felt  to  the  best  approach.  A  sketch  of  an  assembly  of 
specimen  and  tab  grips  is  shown  Figure  49. 

The  tab  and  specimen  were  machined  to  the  same  thickness. 

The  specimen,  tabs  and  covers  were  banded  together  as  o nit 
assembly  using  Shell  Resinbond  907,  (2,0G0  p si  shear  strength}. 

The  assembly  was  lightly  clamped  in  an  alignment  jig  under  a 
small  preload  and  cured  r.t  15$*F. 

Strain  measurements  were  made  using  clip-on  strain  gage 
extensometer8 .  Load  on  the  specimen  was  measured  with  the  internal 
load  cell  in  the  to,  fing  machine.  Load  was  applied  at  a  constant 
rate  of  10,000  psi  per  minute.  Load  and  strain  were  recorded 
on  an  X-Y  recorder. 


Evaluations  on  the  ,'5300,  Material  #10,  and  3DCP,  Materi.'Z. 
#15A,  spec-'-^ns  were  carried  successfully  to  ultimate.  The  initial 
runs  on  the  uuartz-phenolic  materials  gave  bending-shear 
failure  within  the  tab  grips.  The  majority  of  the  3DQP, 

Material  #11,  specimens  were  loaded  to  a  level  within  the  tab 
grip  capability  for  evaluation  of  elastic  modulus.  The  gage 
sections  of  these  specimens  were-  then  machined  as  shown  in  Figure 
50  to  yield  a  higher  gage  stress  for  a  given  load.  These  specimens 
were  then  reloaded  and  gave  specimen  failure  within  the  gage 
section  and  a  much  better  estimate  of  the  tensile  strength  of  the 
material. 

COMPRESSIVE  EVALUATIONS  for  the  phenolic  composites,  were 
run  in  the  gas-bearing  compre&sive  facility.  A  complete  des¬ 
cription  of  this  facility  is  included  as  Appendix  B.  The  gas 
bearings  of  this  facility  allow  precise  alignment  of  the  load 
train.  Before  loading  the  specimen,  the  bearings  are  locked  and 
thus  provide  rigid  support  to  the  specimen.  An  automatic  optical 
strain  analyzer  is  used  for  strain  measurement.  Specimens  were 
machined  to  the  maximum  possible  dimensions  allowed  by  the 
available  material  and  the  requirement  that  the  specimens  from 
the  3D  orthogonal  materials  contain  an  integral  number  of  unit 
cells  centered  on  the  gage  section  of  the  finished  specimens. 

Two  specimens  from  each  arc  were  oriented  in  the  axial  direction 
and  two  in  the  circumferential  direction.  All  specimens  were 
loaded  to  failure  at  room  temperature.  Plots  of  load  versus  strain 
were  recorded  on  an  X-Y  recorder. 

PRE- IMPACT  NDT  EVALUATIONS 

NDT  characterisation  of  arcs  and  rings  for  Phase  II  was 
conducted  on  as -received  arcs  and  rings  from  AVCO  3DC/QP,  AVCO 
3DCP,  AVCO  3DCP  (T400),  AVCO  R6300,  AVCO  3DCC  and  Sandia  Felt  CC. 
This  work  entailed  characterization  and  quality  control  of  55 
undegraded  arcs,  67  rings,  11  discs,  and  10  coupons.  All  specimens 
received  quality  control  (QC)  evaluation  consisting  of  bulk 
density,  visual  inspection  (IX)  with  photographic  (IX  to  10X) 
documentation,  and  radiography  with  one  additional  NDT  monitor 
where  questionable  material  uniformity  or  reproducibility  appeared. 
Based  on  the  QC  results  and  agreement  with  the  Air  Force  Project 
Officer,  5  arcs  (AVCO  3DCP)  and  6  rings  (two  each  from  AVCO  R6300, 
AVCO  3DCC  and  Sandia  Felt  CC)  were  selected  for  more  extensive  NDT 
evaluation.  Thi3  additional  or  full  treatment  (FT)  NDT  included 
inspections  by  ultrasonic  velocity,  radial  ultrasonic  transmission, 
liquid  penetrants,  40X  photomicrography,  and  bulk  mechanical 
evaluations . 
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The  test  matrix  for  Phase  II  was  presented  in  Table  3.  The 
Southern  Research  indexing  systems  used  for  the  various  con¬ 
figurations  are  given  in  Figures  43  and  44. 

NONDESTRUCTIVE  RING  MODULE'S  EVALUATIONS 

The  6  rings  which  received  the  full  treatment  NDT  evalu¬ 
ations  received  nondestructive  modulus  evaluations  also.  Two 
different  methods  were  used:  first,  a  ring  flexure  evaluation, 
and  second,  a  hydrostatic  compression  evaluation.  During  these 
evaluations  the  rings  were  loaded  to  no  greater  than  20  percent 
of  ultimate  strength  as  defined  by  data  from  the  AHP  program. 

A  schematic  drawing  of  the  setup  used  for  the  ring  flexure 
evaluations  is  shown  as  Figure  51.  The  ring  was  instrumented 
with  four  strain  gages  on  the  inside  surface  oriented  in  the 
circumferential  direction.  The  ring  to  be  evaluated  was 
located  between  the  crossheads  of  a  Tinius-Olsen  testing  machine. 
Three  dial  indicators  were  located  around  the  ring  to  measure 
radial  deflection  as  shown  in  Figure  51.  Strain  was  read  using 
a  Baldwin  strain  indicator.  Load  was  read  from  an  internal  load 
cell  in  the  testing  machine.  The  ring  was  loaded  incrementally 
and  all  dial  indicator  and  strain  gages  read  at  each  load  increment. 
The  ring  was  loaded  to  20  percent  or  less  of  its  ultimate  strength. 
The  sequence  was  repeated  at  least  twice  with  the  arbitrarily 
selected  NDT  zero  orientation  under  the  loading  pad,  rotated 
i  45* degrees  counterclockwise  and  at  90  degrees  to  the  vertical. 

Modulus  values  were  calculated  using  the  classical  ring  equations. 

The  hydrostatic  compression  evaluation  was  run  in  a  hydro¬ 
static  loading  rig  shown  schematically  in  Figure  52.  The  loading 
medium  was  a  vhin  wall  rubber  bladder  which  was  connected  to  a 
hydraulic  .ylinder.  The  bladder  was  contained  on  the  outside 
diameter  by  an  outer  closure  ring  and  top  and  bottom  closure 
plates.  The  bladder  was  contained  on  the  inside  diameter  by  the 
test  ring  and  spacer  rings.  The  spacer  rings  were  sized  to 
give  an  assembled  height  with  the  est  ring  in  place  which  was 
0.005  in.  less  than  the  outer  closure  ring.  The  bladder  was 
oversized  for  the  cavity  in  the  rig  and  this  combined  with  its 
thin  wall  ensured  that  the  bladder  supported  a  negligible  por¬ 
tion  of  the  hydraulic  loading.  The  hydraulic  system  was  filled 
and  bled.  T^e  hydraulic  cylinder  was  loaded  in  a  tinius-Olsen 
testing  machine.  Load  was  measured  by  an  internal  load  cell 
in  the  testing  machine.  This  load  was  converted  to  hydraulic 
pressure  and  stresses  were  calculated  using  thick  walled  cylin¬ 
der  relationships. 
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where 

o  =  Circumferential  stress  at  I.D. 
p  =  Hydraulic  pressure 
R2  =  Outside  radius 
R.  -  Inside  Radius 

Strain  was  read  using  a  Baldwin  strain  indicator.  Fro'.i  the  stress 
and  strain  values,  modulus  was  calculated  using  the  Hook's  Law 
relationship: 

a  -  Ec 
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SECTION  IV 


PROPERTIES  OF  IMPACTED  ARCS  AND  SPECIMENS 
3D  CARBON-CARBON  IMPACTED  ARCS 

NONDESTRUCTIVE  TESTING  -  Results  of  the  nondestructive 
monitors  for  the  3DCC  impacted  arcs  are  given  in  Table  4  and 
described  graphically  in  Figure  63.  The  results  of  the  subjec¬ 
tive  NDT  evaluations  are  shown  in  Table  5  and  are  photographic¬ 
ally  documented  in  Figures  53  through  62.  The  ranges  of  monitor 
values  measured  on  specimens  from  the  arcs  are  also  shown  in 
Table  4  to  give  reinforcement  to  the  magnitudes  of  the  monitors 
on  the  arcs  and  an  impression  of  the  variability  of  the  moni¬ 
tors  with  position  on  the  arcs. 

Visual  (1X-10X)  inspection  of  the  impacted  arcs  indicated 
structure-change  starting  at  the  lowest  impulse  level  of  1.03 
kilotaps.  Arc  8-AR-8.  Structure-changes  detected  at  this  level 
were  radial  spall  from  one  machined  edge,  bulk  and  aligned 
delaminations  in  edges,  slight  radial  protrusion  from  front 
and  rear  faces,  and  occasional  spall  of  radial  ends  from  rear 
face,  F'qure  54.  A  rear  delamination  located  about  0.1  in. 
from  the  face  was  detected  xt  2.20  kilotaps,  Arc  8-AR-2, 

Figure  55.  In  addition,  matrix  spall  from  around  radials  on  the 
front  face  was  also  detected  at  this  level.  Front  yarn  lift 
(circumferentialsl  at  one  edge  was  detected  at  3.045  kilotaps. 

Arc  8-AR-7,  Figure  56,  and  matrix  spall  from  the  edges  was 
detected  at  3.36  kilotaps.  Arc  8-AR-5,  Figure  57.  Increased 
bulk  and  rear  ueiaminations,  rear  radial  recession,  and  a 
single  front  face  crack  were  detected  at  5.39  kilotaps.  Arc  8- 
AR-1,  Figure  58.  A  gross  mid-thickness  delamination  with  bulk 
delaminations,  gross  rear  yarn  lift  and  matrix  spall,  and  a 
through-thickness  crack  were  detected  at  7.56  kilotaps.  Arc  8- 
AR-6 ,  Figure  59.  At  the  highest  impulse  level  of  7.88  kilotaps. 
Arc  8-AR-3,  structure-change  was  similar  to  the  7.56  kilotap 
level  except  the  specimen  was  totally  separated  near  its  middle, 
Figure  60. 

Visual  (10X)  inspection  did  not  reveal  any  new  structure- 
change  . 

The  group  radiograph  is  shown  in  Figure  61.  In  comparing 
the  before  hit  and  after  hit  radiographs,  no  struciure-rchange 
was  detected  for  the  1.03,  1.64  and  2.20  kilotap  levels;  Arcs  8- 
AR-8 ,  8-AR-4  and  8-AR-2.  Circumferential  low-absorptive  align¬ 
ments  measuring  0.6  and  0.7  in.  long  were  detected  at  0.1  in.  from 
the  rear  face  at  3.045  kilotaps,  Arc  8-AR-7.  Continuous,  cir¬ 
cumferential  low-absorptive  alignment  at  0.1  and  0.35  in.  from 
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the  rear  face  and  some  volume  oriented  low-absorptive  alignments 
were  detected  at  3.36  kilotaps,  Arc  8-AR-5.  Increased  circum¬ 
ferential  low-absorptive  alignments  at  0.1,  0.2,  0.3,  and  0.4  in. 
from  the  rear  face  were  detected  at  5.39  kilotaps.  Arc  8-AR-l. 

Gross  circumferential  alignments  at  0.1  and  6.3  in.  from  the 
rear  face  and  missing  material  from  the  rear  face  were  detected 
at  7.56  and  7.88  kilotaps,  Arcs  8-AR-6  and  8-AR-3.  Aslo,  a 
near  through-thickenss  radial  low-absorptive  alignment  was 
revealed  near  the  middle  of  Arc  8-AR-6  at  the  7.56  kilotap  level. 

Photomicrographs  (SOX  before  reduction)  are  shown  in  Figure 
62.  Except  for  Arc  3-AR-2  at  the  2.20  kilotap  level,  no  gross 
macro  structure-change  was  particularly  obvious  in  single  plane 
sections  at  up  to  the  5.39  kilotap  level.  At  the  2.20  kilotap 
level,  a  circumferential  separation  was  detected  at  0.1  in.  from 
the  rear  face  even  in  single  plane  inspection.  The  separation 
occurred  at  a  circumferential/axial  bundle  interface  and  was  about 
macro-level  structure-change  consisted  of  fractured  circumferentials 
and  circumferential  separations  through  axial  bundles.  Gross 
macro  delaminations  were  incurred  at  the  7.56  and  7.88  kilotap 
levels . 

The  results  of  the  monitors  versus  impact  level  for  AVCO 
3DCC  arcs  are  plotted  in  Figure  63.  The  monitors  bulk  density 
and  thickness  measurements  indicated  slight  material  compaction 
at  the  lower  impact  levels  and  material  expansion  at  the  higher 
levels  up  through  3.045  kilotaps  and  expansion  above  this  level. 

The  magnitudes  of  the  decreases  in  thickness,  0.001  in.,  at  the 
lower  impact  levels  would  not  usually  be  considered  significant, 
but  ;he  significant  and  consistent  increases  in  bulk  density  lend 
weight  to  the  thickness  changes.  Open  porosity  measurements 
provided  uniform  values  from  the  virgin  arc  through  the  3.045 
kilotap  level.  For  these  impulse  levels,  the  virgin  specimen  had 
the  highest  open  porosity  of  11.8  percent  with  the  1.03  kilotap 
level  specimen  having  the  lowest  at  10.5  percent.  Open  porosity 
increased  to  12.2  and  13.0  percent  at  the  3.36  and  5.39  kilotap 
levels,  respectively.  Ultrasonic  transmission  measurements  also 
indicated  no  significant  structure-change  up  to  3.045  kilotaps. 

The  transmission  values  ranged  from  28.5  to  28  added  dB  over  this 
range  with  the  virgin  arc  having  a  transmission  of  28  added  dB. 
Transmission  at  3.36  and  5.39  kilotaps  decreased  significantly  to 
17  and  19  added  dB,  respectively.  Radial  velocity  was  measured  at 
both  ends  of  the  arc  and  at  the  center.  The  values  in  Table  4 
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are  minimum  and  maximum  values.  The  minimum  values ,  which  were 
considered  more  revealing  of  structure-change,  indicated  no  change 
below  2.20  kilotaps,  ranging  from  0.1966  in. /usee  at  2.20  kilotaps 
to  0.2025  in. /ysec  at  1.03  kilotaps  (minimum  values).  Minimum 
values  ranged  from  0.1857  in. /usee  at  3.C45  kilotaps  to  0.1585 
in. /usee  at  4.39  kilotaps.  Maximum  and  minimum  values  of  radial 
velocity  for  the  various  impulse  levels  are  plotted  in  Figure  63. 

Comparison  of  thickness  and  radial  sonic  transmission 
measurements  before  and  after  the  MOE  evaluations  indicate  that 
flexing  the  arcs  had  negligible  effect. 

MECHANICAL  EVALUATIONS  -  The  results  of  evaluations  of 
flexural  modulus  are  given  in  Table  4  and  plotted  in  Figure  63. 
Tensile  and  compressive  properties  are  given  in  Table  6  and 
are  plotted  in  Figures  64,  65  and  66.  Tensile  and  compressive 
stress  strain  curves  are  included  in  Appendix  G.  The  flexural 
moduli  in  Table  4  and  Figure  63  probably  are  not  engineering  values. 
The  high  modulus  of  the  30CC  material,  the  load  levels  imposed  and 
the  proportions  of  the  arcs  combined  to  give  very  small  deflection 
signals  from  the  flexural  evaluations.  Shear  deflections  aggra¬ 
vated  by  the  delarainations  inherent  in  this  material  and  arc 
general  compaction  were  included  in  the  deflection  signal  measured 
and  were  probably  large  relative  to  the  pure  bending  deflection 
which  was  desired.  They  do  reflect  structural  change  and  their 
relative  magnitudes  should  give  a  good  approximation  of  the 
change  in  flexural  modulus  expected.  The  flexural  modulus  of  the 
virgin  specimen  was  not  comparable  to  those  of  the  impacted  arcs 
since  a  different  testing  geometry  was  required.  The  flexural 
modulus  of  the  impacted  specimens  showed  a  reasonably  consistent 
decrease  with  increasing  impact  level.  The  most  meaningful  display 
of  this  consistency  is  shown  in  Figure  66,  a  plot  of  retained 
modulus  versus  impact  level.  The  base  for  this  plot  of  flexural 
modulus  was  obtained  by  extrapolation  of  the  data  for  the  impacted 
arcs  back  to  a  zero  level  of  impact.  The  only  significant  deviation 
from  a  linear  relation  between  the  retained  flexural  modulus  and 
impact  level  was  at  the  5.390  kilotap  level.  At  this  level  data 
from  the  lower  impact  levels  would  have  predicted  a  zero  retained 
flexural  modulus  rather  than  the  measured  18  percent. 

Of  the  tensile  and  compressive  data,  Table  6  and  Figures 
64,  65  and  66,  only  the  tensile  modulus  at  room  temperature  and 
compressive  strength  at  room  temperature  and  4500*F  showed  con¬ 
sistency.  The  tensile  modulus  decreased  from  about  12.8  x  10e 
psi  for  the  virgin  material  (AHP  data)  to  7.09  x  10 *  psi  for 
specimens  from  Arc  8-AR-5,  5.39  kilotaps.  The  minimum  tensile 
strength  was  more  consistent  them  the  average  strength  and  had 
values  at  room  temperature  of  11,500  psi  for  the  virgin  material 


(AHP  data),  11,040  psi  at  1.030  kilotaps,  10,600  psi  for 
2.200  kilotaps  and  9,280  psi  for  3.360  kilotaps.  At  3000°F  the 
minimum  tensile  strength  values  were  16,240  psi  for  1.030  kilotaps, 
18,400  psi  for  2.200  and  16,600  psi  for  3.360  kilotaps.  No 
data  were  available  at  3000 *F  for  the  AHP  material  in  the  circum¬ 
ferential  direction.  As  one  would  suspect  the  tensile  strength 
was  not  very  sensitive  to  impact  level.  The  structure-changes 
observed  in  the  visual  inspection  were  predominantly  in  the  matrix 
material  between  fibers  and  the  tensile  strength  is  related  to  the 
fibers  . 

The  compressive  strength  showed  variation  with  impact  level. 
The  strength  at  3:00m  temperature  was  8,500  psi  for  the  virgin 
material  (AHP  data),  5,760  psi  at  1.640  kilotaps,  4,880  psi  at 
psi  at  3.045  kilotaps,  and  4,030  psi  at  5.390  kilotaps.  At 
3000 °F  the  strength  of  the  AHP  material  was  13,000  psi  and  at 
4500*F  for  this  program  the  strengths  were  11,360  psi  for  virgin 
material,  10,970  psi  at  1.640  kilotaps,  10,600  psi  at  3.045 
kilotaps  and  7,430  psi  at  5.390  kilotaps.  Compressive  modulus 
was  not  consistent.  There  were  wide  discrepancies  between  the 
two  values  at  each  temperature  and  impact  level  and  extremely 
low  values  at  4500°F  for  the  specimens  from  8-AR-7,  3.045  kilotaps. 
These  low  values  at  4500°F  were  not  confirmed  by  low  values  at 
room  temperature  for  this  hit  level. 

THERMAL  EXPANSION  OF  3DCC  -  The  thermal  expansion  values  of 
3D  Carbon-Carbon  in  the  axial  and  circumferential  directions  at 
various  impact  levels  are  shown  in  Figures  67  through  70  and 
Tables  7  through  12.  In  each  figure  the  thermal  expansion  of  a 
virgin  specimen  of  3D  Carbon-Carbon  evaluated  under  a  previous 
program  is  plotted  for  a  baseline  reference. 

Note  that  the  expansion  of  the  impacted  material  was  always 
higher  than  that  of  the  virgin  material.  The  difference  was 
most  pronounced  in  the  axial  direction  on  the  material  impacted 
at  a  level  of  5.39  kilotaps.  The  difference  was  only  slight  in 
the  circumferential  direction.  The  reason  for  the  higher 
expansion  of  the  impacted  material  may  be  due  to  separations 
between  fabric  and  matrix.  When  the  fabric  and  matrix  separate, 
the  expansion  will  no  longer  be  controlled  by  the  fabric.  Lack 
of  influence  from  the  fabric  would  allow  greater  expansion. 

In  Figures  67  and  68  duplicate  runs  were  made  to  5000°F  on 
the  same  specimen  and  in  both  cases  the  values  measured  during 
the  second  run  after  initial  exposure  to  5000°F  were  lower  than 
those  of  the  first.  The  slight  inflection  of  the  slope  above 
4000°F  on  all  runs  indicates  some  instability  of  this  material 
at  5000°F. 
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THERMAL  CONDUCTIVITY  -  The  thermal  conductivity  of  3DCC 
in  the  radial  direction  at  two  impact  levels ,  1.03  and  2.20 
kilotaps,  is  shown  in  Figure  71  and  Tables  13  and  14.  No 
trend  in  values  was  detected  with  impact  level.  A  smooth 
curve  was  fitted  to  all  the  data  and  the  values  decreased  from 
275  Btu  in. /hr  ft2  ®F  at  100*F  to  a  minimum  of  132  Btu  in. /hr 
ft2  °F  at  3300°F,  above  which  the  values  increased  to  175  Btu 
in. /hr  ft2  °F  at  5000°F. 

The  thermal  conductivity  of  the  virgin  material  determinec 
previously  (AHP  program)  was  lower  than  the  impacted  material. 

The  reason  for*  this  anoraoly  probably  is  that  the  virgin  material 
had  a  lower  density  and  velocity  than  the  impacted  material. 

The  respective  densities  were  1.63  gm/cm3  and  1.68  gm/cm3  and 
the  velocities  were  0.181  in. /usee  compared  to  0.20  in./ysec. 

Due  to  this  density  variation  the  effect  of  impact  level  could 
not  be  determined  since  the  base  line  data  does  not  appear  to 
be  representative  of  present  specimens  of  3DCC  before  impact. 

The  increase  in  conductivity  above  3000°F  is  typical  for 
some  CC  materials.  As  has  been  indicated  with  the  results  of 
expansion  evaluations  the  material  is  not  stable  at  higher 
temperatures.  Supporting  this  is  the  fact  that  the  second  run 
(after  initial  exposure  to  5000#F)  exhibited  a  slightly  lower 
value  in  conductivity. 

r'JSLT  CC  IMPACTED  PLATES 

NONDESTRUCTIVE  TESTING  -  Results  of  the  non-destructive 
monitors  of  the  Felt  CC  impacted  plates  are  shown  in  Table  15 
and  described  graphically  in  Figure  78.  The  ranges  of  values 
of  the  monitors  on  specimens  removed  from  the  plates  are  also 
shown  in  Table  15  to  give  reinforcement  to  the  magnitudes  of 
the  monitors  on  the  plates  and  an  idea  of  the  variability  of 
the  monitors  with  position  on  the  plates. 

Visual  (1X-10X)  inspection  of  the  impacted  plates 
indicated  gross  structure-change  at  2.49  kilotaps,  Plate  12-F-14, 
consisting  of  a  gross  delamir. i  on  and  a  rear  face  crack. 

Figures  72  and  73.  Structure-change  at  this  impact  level  was 
much  more  severe  than  changes  incurred  at  the  higher  impact  levels 
At  3.07  kilotaps,  Plate  12-F-13,  aligned  hairline  cracking  in  one 
edge  located  about  0.15  in.  from  the  rear  face  was  detected; 
however,  cracking  was  not  prominent  enough  at  the  surface  for 
photographic  documentation.  At  3.44  kilotaps,  Plate  12-F-10, 
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aligned  cracking  locat  1  about  0.2  in.  from  the  rear  face  in  two 
edges  was  apparent.  Figure  74,  and  at  4.14  kilotaps,  Plate  12-F-ll, 
aligned  cracking  located  about  0.2  in.  from  the  rear  face  wa3 
apparent  in  all  four  edges..  Figure  75.  The  only  surface  varia¬ 
tions  detected  were  at  2.49  kilotaps,  Plate  12-F-14  which 
consisted  of  increased  porosity  and  a.  rear  face  crack. 


Visual  inspection  (10X)  detected  no  structure-change  to 
2.43  kilotaps,  and  no  additional  structure-change  to  the  changes 
detected  at  IX  at  any  of  the  higher  impact  levels. 

The  group  radiograph  is  shown  in  Figure  76.  Specimen  12- 
F-14  at  2.49  kilotaps  showed  a  gross  delamination  for  the  full 
length  of  the  plate.  Otherwise,  no  structure-change  was  indicated 
at  1.21,  2.43  and  3.07  kilotaps.  At  1.7  kilotaps,  Plate  12-F-16, 
some  low-absorptive  alignments;  located  about  0.1  in.  from  the 
rear  face  and  running  nearly  Idle  full  length  of  the  plate  gave 
reason  to  suspect  internal  cracking.  Since  these  plates  were  not 
radiographed  before  impact,  no  definite  conclusion  could  be  made 
from  the  radigraph.  At  3.44  and  4.14  kilotaps,  low-absorptive 
alignments  located  0.25  in.  from  the  rear  face  and  at  mid-thickness, 
respectively,  were  apparent.  At  3.44  kilotaps,  Plate  12-F-10, 
the  alignments  extended  nearly  the  full  length  of  the  plate,  and 
at  4.14  kilotaps,  Plate  14-F-li,  the  alignments  extended  the  full 
length  of  the  plate  and  were  more  severe. 

Photomicrographs  (50X  before  reduction)  are  shown  in  Figure  77. 
No  macro  structure-cnange  was  indicated  at  any  of  the  impact 
levels  except  in  12-F-14  at  2.49  kilotaps.  As  shown,  missing 
material  from  a  zone  located  between  the  gross  delamination  and 
the  rear  face  was  apparent.  Macro  cracking  or  delamination 
was  also  apparent  at  3.44  and  4.14  kilotaps.  Material  adjacent 
to  the  macro  cracking  was  virgin-appearing. 

Liquid  penetrants  (Partek)  detected  some  aligned  cracking 
in  two  edges  at  2,43  kilotaps,  Plate  12-F-l.  In  addition,  pene¬ 
trants  revealed  aligned  cracking  in  the  third  face  of  Mate  12- 
F-10  at  3.44  kilotaps  (cracking  in  two  faces  by  visual  IX)  and 
rear  face  porosity  in  12-F-14  at  2.49  kilotaps. 

The  results  of  the  monitors  versus  impulse  level  for  Felt  CC 
plates  are  plotted  in  Figure  78.  In  general  the  NDT  monitors 
did  not  indicate  appreciable  structure-change  below  the  4.140 
kilotap  level,  excepting  12-F-14  at  2.49  kilotaps.  The  major 
exception  to  this  was  the  bulk  density  of  the  plate  12-F-l  which 
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was  far  lower  than  the  other  pJ  ates .  The  low  density  apparently 
existed  before  flyer  plate  impact  since  the  other  NDT  monitors 
did  not  detect  any  significant  deviations  in  this  plate*  At 
4.14  kilo taps,  significant  shifts  in  open  porosity#  velocity,  and 
ultrasonic  transmission  were  measured.  Open  porosity  was  16.1 
percent,  velocity  was  0.1034  in./ysec  (lowest  value),  and  trans¬ 
mission  was  18  added  dB.  The  average  values  at  all  of  the  other 
impulse  levels  (including  virgin)  were  open  porosity  of  12.0  per¬ 
cent  (range  10.3  -  13.1  percent),  velocity  of  0.1084  in. /usee 
(range  0.1057  -  0.1128  in./ysec) ,  and  transmission  of  38  added 
dB  (range  37  -  40  added  dB) .  Monitor  effectiveness  was  hampered 
by  the  lack  of  values  before  flyer  plate  impact. 

Comparison  of  thickness,  radial  velocity  and  radial  ultra¬ 
sonic  transmission  measurements  before  and  after  MOE  evaluations 
indicated  that  flexing  had  essentially  no  effect  on  the  plates. 

MECHANICAL  EVALUATIONS  -  The  results  of  flexural  modulus 
evaluations  on  Felt  CC  are  shown  in  Table  15  and  Figures  78  and 
82.  Tensile  and  compressive  properties  are  tabulated  in  Table 
17  and  are  presented  graphically  in  Figures  79  through  82. 

Tensile  and  compressive  stress-strain  curves  are  included  as 
Appendix  H.  The  flexural  modulus  value  was  2.37  x  10*  psi 
for  the  virgin  specimen.  Flexural  modulus  values  indicated  es¬ 
sentially  no  change  below  3.070  kilotaps  and  decreases  of  about 
10  percent  at  3.070  kilotaps,  18  percent  at  3.440  kilotaps,  and 
16  percent  at  4.140  kilotaps.  This  indication  of  change  abovr* 
3.070  kilotaps  coincided  with  the  appearance  of  macrocracking 
at  3.070  kilotaps  and  above. 

Plate  12-F-14  had  an  anomalous  response  to  flyer  plate 
impact.  It  exhibited  gross  structure-change  even  though  its  impact 
level,  2*490  kilotaps  was  an  intermediate  value.  Plate  12-F-l 
was  supplied  to  Kaman  Sciences  as  a  replacement  for  Flare 
12-F-14.  The  geometry  of  Plate  12-F-l  differed  from  that  of  the 
other  plates  but  this  was  not  considered  significant.  After 
impact  the  bulk  densities  of  this  plate  and  the  specimens  from 
this  plate  were  low  compared  to  those  of  the  other  plates,  even 
though  none  of  the  other  NDT  monitors  detected  significant  devi¬ 
ations  for  this  plate.  The  compressive  strengths  at  both  70*F 
and  4500°F  of  the  specimens  from  this  plate  were  the  highest 
of  all  of  the  plates.  In  view  of  the  above  data  Plate  12-F-l 
as  well  as  12-F-14  were  concluded  to  have  differed  from  the  other 
plates  prior  to  flyer  plate  impacting  and  cannot  be  compared  to 
them  for  response  after  flyer  plate  impacting. 
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THEPMAL  EXPANSION  -  The  thermal  expansion  of  Felt  CC  in 
the  axial  and  circumferential  direction  at  various  impact  levels 
is  shown  in  Figures  83  through  87  and  Tables  18  through  27.  In 
the  axial  direction  the  impact  levels  up  to  3.44  kilotaps  had  no 
effect  on  the  expansion  as  can  be  seen  from  the  excellent  agree¬ 
ment  with  the  values  measured  on  the  virgin  material  evaluated 
previously  (AHP  program) .  In  the  circumferential  direction  the 
impacted  specimens,  from  1.2  to  4.2  kilotaps,  had  lower  expansions 
than  those  of  the  virgin  material.  No  trend  could  be  detected 
with  level  of  impact.  The  lower  expansion  of  the  impacted 
specimens  is  not  fully  understood;  however,  the  possibility  of 
the  cracked  areas  acting  as  strain  isolators  may  be  the  reason. 

THERMAL  CONDUCTIVITY  -  The  thermal  conductivity  of  Felt  CC 
in  the  radial  direction  for  both  virgin  and  impacted  specimens 
is  shown  in  Figure  88  and  Tables  28  and  29.  The  impacted 
material  exhibited  somewhat  lower  conductivity  than  that  of  the 
virgin  and  less  than  expected.  No  trend  was  observed  for  the 
two  impact  levels  evaluated. 

R6300  IMPACTED  ARCS 

NONDESTRUCTIVE  TESTING  -  Results  from  prior  evaluations  on 
the  R6300  arcs  are  included  as  Table  30  and  Figure  90  for  reference 
and  a  group  photograph  as  Figure  89.  During  the  earlier 
program  nc  significant  change  in  flexural  modulus,  MOE,  had  been 
measured  even  though  significant  structure-change  had  been 
detected  visually.  The  most  probable  cause  for  the  inability 
to  measure  a  MOE  change  was  the  masking  effect  of  the  attached 
aluminum  backing  plate.  Open  porosity  and  radial  ultrasonic 
transmission  (attenuation  in  previous  program)  correlated  somewhat 
with  impact  level. 

Results  from  nondestructive  testing  of  specimens  from  the 
R6300  arc  are  shown  in  Table  31  and  Figure  91.  From  Figure  91 
it  was  obvious  that  open  porosity,  ultrasonic  transmission  and 
ultrasonic  velocity  were  sensitive  monitors  for  the  levels  of 
impact.  Bulk  density  differences  shown  in  Figure  91  are  not 
felt  to  be  attributable  to  impact. 

MECHANICAL  EVALUATIONS  -  Results  of  tensile  and  compressive 
evaluations  on  the  specimens  from  the  R6300  arcs  are  shown  in 
Table  31  and  Figures  92  and  93.  Compressive  strengths  in  both 
axial  and  circumferential  directions  seem  to  be  linearly  related 
to  impact  level.  The  tensile  end  compressive  moduli  were  not 
changed  by  impact  levels.  Only  if  the  data  from  the  AHP  program 


are  used  for  virgin  values  does  any  change  in  tensile  strength 
due  to  impact  appear  significant.  The  tensile  strengths  from 
the  AHP  program  were  respectively  5,800  psi  and  9,000  psi'  in  the 
axial  and  circumferential  directions.  The  tensile  strengths  at 
0.49  kilotaps  were  3,480  psi  and  6,800  psi  and-at  1.99  kilotaps 
3,040  psi  and  7,260  psi  in  the  same  order  as  above.  Compressive 
strengths  in  the  axial  and  circumferential  directions  changed 
almost  linearly  from  27,600  and  30,960  psi  for  the  virgin  speci¬ 
mens  to  17,700  and  16,170  psi  at  4.04  kilotaps.  Radial  sonic 
velocity  and  open  porosity  would  seem  to  be  useful  as  monitors 
of  compressive  strength  after  impact  but  monitors  for  other 
properties  seemed  to  be  lacking. 

3D  QUART.. -PHENOLIC  IMPACTED  ARCS 

NONDESTRUCTIVE  TESTING  -  Results  from  the  prior  NOT  evalu¬ 
ations  on  the  3D  Quartz  Phenolic  arcs  are  presented  as  Table  32 
and  Figure  95  for  reference.  A  group  photograph  of  the  arcs  is 
included  as  Figure  94.  During  this  earlier  program  significant 
changes  in  flexural  modulus,  MOE,  were  measured  and  a  remarkably 
strong  correlation  with  ultrasonic  attenuation  (transmission) 
was  indicated.  Ultrasonic  velocity  correlated  very  well  up  to 
the  level  where  the  signal  became  attenuated.  Bulk  density, 
open  porosity  and  thickness  changes  also  correlated  with  flexural 
modulus  changes  but  their  sensitivity  was  much  less  than  the 
ultrasonic  monitors. 

Results  from  the  NDT  evaluations  on  the  specimens  from  the 
3D  Quartz  Phenolic  arc3  are  shown  in  Table  33  and  Figure  94. 

Unlike  the  NDT  on  the  arcs,  the  monitors  on  the  specimens  were 
not  sensitive  to  level  of  impact  up  to  7.95  kilotaps.  In 
particular  ultrasonic  transmission  indicated  essentially  no 
change  at  all.  Above  7.95  kilotaps  bulk  density  and  open  porosity 
changed  linearly  with  change  in  impact  level. 

Visual  inspection  of  the  specimens  revealed  little  that  had  not 
been  noted  earlier  for  the  arcs.  Generally  for  the  lower 
levels  of  loading,  occasional  (volume)  cracking  was  observed  and 
for  the  higher  levels  aligned  cracking  and  delamination  primarily 
at  midthickness  were  observed.  The  aligned  cracking  increased 
in  severity  with  increasing  impact  level. 
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MECHANICAL  EVALUATIONS  -  Results  of  tensile  and  compressive 
properties  evaluations  on  specimens  from  the  Quartz-Phenolic 
arcs  are  snown  in  Table  33  and  Figures  97  and  98.  Axial  tensile 
strength  decreased  linearly  from  42,400  psi  for  the  virgin 
specimens  (AKP  data)  to  32,590  psi  at  7.95  kilotaps.  At  9.88 
kilotaps  the  axial  tensile  strength  dropped  sharply  to  21,470 
psi.  Similar  trends  were  observed  for  the  circumferential  ten¬ 
sile  data  with  a  linear  decrease  from  69,900  psi  for  the  virgin 
specimens  (AHP  data)  to  51,650  psi  at  7.95  kilotaps.  A  sharp 
drop  in  strength  to  21,500  psi  at  9.88  kilotaps  was  also 
similar  to  that  for  the  axial  strength.  Compressive  strength 
decreased  approximately  linearly  from  28,800  psi  and  26,080  psi 
in  the  axial  and  circumferential  directions  for  the  virgin  speci¬ 
mens  to  11,180  psi  and  11,520  psi  at  9.01  kilotaps.  Tensile 
moduli  showed  only  slight  change  with  impact  level.  The  tensile 
moduli  in  the  axial  and  circumferential  directions  decreased 
from  2.14  :<  10f  psi  and  3.57  x  10*  psi  for  the  virgin  specimens 
(AHP  data)  to  1.46  x  10s  psi  and  2.31  x  10*  psi  at  9.88  kilotaps. 
The  compressive  moduli  in  the  axial  and  circumferential  directions 
showed  a  small  decrease  from  2.65  x  10c  psi  and  2.78  x  10*  psi 
for  virgin  specimens  to  1.73  x  10*  psi  and  2.33  x  10*  psi  at 
9.01  kilotaps.  Again  the  AHP  data  were  lower  than  the  virgin 
data  from  this  program.  The  NOT  monitors  seemed  to  correlate 
somewhat  with  strength  in  that  they  showed  small  decreases  from 
the  virgin  specimens  up  to  7.95  kilotaps  and  a  sharper  decrease 
tc  9.88  kilotaps. 

3D  CARBON-PHENOLIC  PORTION  OF  3DC/QP  IMPACTED  ARCS  #15A 

NONDESTRUCTIVE  TESTING  -  Results  from  the  prior  NOT  evalu¬ 
ations  on  the  3D  Carbon/Quartz-Phenolic  impacted  arcs  are 
presented  as  Table  34  and  Figure  100  for  reference.  A  group 
photograph  of  the  arcs  is  shown  as  Figure  99.  During  these  prior 
evaluations  flexural  modulus  (MOE)  decreased  approximately  line¬ 
arly  with  increasing  impact  level.  As  for  the  3D  Quartz/Fhenolic 
ultrasonic  attenuation  (transmission)  was  a  very  good  correlator 
for  MOE.  Bulk  density,  open  porosity  and  thickness  changes 
showed  some  correlation  to  (but  were  not  very  sensitive)  MOE 
changes . 

Results  from  the  NDT  evaluations  on  the  specimens  from  the 
3D  Carbon-Phenolic  portion,  #15A,  of  the  3DC/QP  impacted  arcs 
are  shown  in  Table  35  and  Figure  101.  The  NDT  monitors  for  the 
specimens  generally  correlated  with  impact  level  but  were  less 
sensitive  to  changes  in  impact  level  them  they  were  for  the  arcs. 

Ultrasonic  transmission  dropped  significantly  from  the  virgin 
specimens  to  the  first  impact  level,  4.09  kilotaps,  but  showed 
little  change  above  this  level.  Bulk  density  and  open  porosity 
changes  showed  correlation  with  impact  level  similar  to  those  for 
the  arcs. 


Visual  inspection  of  the  specimens  generally  showed  the 
same  structure-changes  as  had  been  observed  earlier  forthfc 
arcs.  These  structure-changes  were  volume  cracking  at  tho  lowest 
impact  level,  4.09  kilotaps;  increased  volume  cracking  with  oc¬ 
casional  failed  radial#  at  4.69  kilotaps;  aligned  cracking  at  the 
center  6f  the  Carbon-Phenolic  portion  of  the  arc  at  5.15  kilotaps; 
and  delaainatiohs  near  the  center  of  the  Carbon-Phenolic  portion 
of  the  arcs  at  the  two  highest  impact  levels,  6. OS  and  6.51  kilo¬ 
taps.  The  failure  of  ultrasonic  transmission  as  a  monitor  of 
the  impact  level  above  4.69  kilotaps  is  probably  associated  with 
the  appearance  of  failed  radials  and  delamin&ticns . 

MECHANICAL  EVALUATIONS  -  Results  of  the  evaluations  of  ten- 
si  le  and  compressive  properties  of  specimens  from  the  Carbon- 
Phenolic  portion  of  the  3DC/QP  arcs  are  shown  in  Table  35  end 
Figures  102  and  103.  Both  tensile  and  compressive  strengths  de¬ 
creased  almost  linearly  frem  the  virgin  material  to  the  highest 
impact  levels  tested.  Axial  tensile  strength  decreased  from 
16,980  psi  for  the  virgin  specimens  to  1,240  psi  at  the  6.06 
kilotaps.  The  circumferential  tensile  strength  decreased  from 
22,520  psi  for  the  virgin  specimens  to  20C  psi  at  6.06  kilotaps. 

These  tensile  strengths  at  6.06  kilotaps  can  be  considered  essen¬ 
tially  sero.  Compressive  strengths  decreased  from  about  22,090 
psi  for  both  axial  and  circumferential  virgin  specimens  (AHP  data) 
to  about  5,100  psi  and  4,209  psi  in  the  axial  nnd  circumferential 
directions  respectively  at  6.5  kilotaps. 

Modulus  values  ware  difficult  to  obtein  for  these  specimens. 

The  extensive  structure-changes  prevented  the  material  from 
behaving  as  a  homogeneous  material  and  this  caused  erratic  strain 
behavior.  Modulus  values  were  obtained  for  axial  tensile  specimens, 
and  circumferential  compressive  specimens.  Axial  tensile  modulus 
decreased  about  linearly  from  6.63  x  10 4  psi  for  tf.a  virgin  specimens 
to  0.24  x  10*  psi  at  6.06  kilotaps.  Circumferential  tensile  modulus 
was  6.10  x  10*  psi  for  the  virgin  specimens  and  1.25  x  10*  psi  at 
4.69  kilotaps.  Circumfersntial  compressive  .-cduius  decreased 
eratically  from  6.8i  x  10*  psi  for  the  virgin  speo.*meiss  tc  5.20  x  10* 
psi  at  5.18  kilotaps  and  decreased  sharply  t%,  0.96  *,  10*  psi  at 
6.5  kilotaps. 

The  essentially  linear  decrease  in  tensile  and  compressive 
strengths  and  tensile  moduli  with  impact  level  agreed  with  the 
approximately  linear  response  of  NOE  for  the  complete  arcs.  The 
regular  progression  of  Btructure-changes  with  impact  level  were 
thus  reflected  in  flexural,  tensile  and  compressive  properties  of 
the  Carbon-Phenolic  portion  of  the  3DC/QP  material. 


3D  QUARTZ-PHENOLIC  PORTION  OF  3DC/QP  IMPACTED  AKJS  #15B 

NONDESTRUCTIVE  TESTING  -  Results -from  the  pr ini  NDT  evalu¬ 
ations  on  the  3D  Carbon/Quartz-Phenolic  are  shown  m  Table  34 
and  Figure  100  and  were  discussed  in  the  preceding  section  on  the 
3D  Carbon-Phenolic  portion  of  the  3DC/QP  arc. 

The  results  from  the  NDT  evaluations  on  the  specimens  from 
the  3D  Quartz-Phenolic  portion,  #15B,  of  the  3DC/QP  imps  :ted 
arcs  are  shown  m  Table  36  and  Figure  104.  The  NDT  monitors  for 
these  specimens  seem  to  correlate  generally  with  impact  level  but 
are  less  sensitive  than  these  same  monitors  on  ,.:e  #15A  specimens. 
Some  structure-change  is  indicated  by  the  monitors  but  significant 
changes  were  observed  from  visual  inspection  of  the  specimens 
only  at  the  highest  impact  level,  6.5  kiiotaps.  Visual  inspection 
of  the  arcs  ec.lier  had  revealed  some  volume  cracking  at  the  lower 
impact  levels  and  aligned  crocking  near  the  inner  surface  at  the 
highest  impact  level,  6-5  k’xo  aps , 

MECHANICAL  EVALUATIONS  -  Results  of  the  tensile  and  compress¬ 
ive  properties  evaluations  on  specimens  from  the  Quartz-Phenolic 
portion  of  the  3DC/QP  impacted  arcs  are  shown  m  Table  36  and 
Figures  105  and  106.  Tensile  strengths  in  Table  36  and  Figure  105 
do  not  represent  ultimate  strengths  .  All  specimens  failed  in  the 
grip  section.  The  failures  were  due  to  a  combination  of  bending 
and  shear.  The  strengths  tabulated  and  plotted  represent  a 
lower  bound  above  which  the  ultimate  tensile  strengths  will  lie. 

The  axial  tensile  stress  in  the  virgin  specimens  at  failure  was 
35,500  psi  which  was  about  25  percent  less  than  the  ultimate  tensile 
strength  from  the  AHP  program  of  57,550  psi-  The  circumferential 
tensile  stress  m  the  virgin  specimen  was  35,900  psi  compared  to 
78,200  psi  fcr  the  ultimate  from  the  AHP  program.  Specimen 
15B-AR-V-T4C  was  run  once  for  modulus.  The  gage  secticr*  was  then 
reduced  m  an  attempt  to  give  a  tensile  failure  m  the  gage 
section.  This  specimen  was  broken  in  leading  into  the  '.oad  train. 

The  axial  compressive  strengths  decreased  almost  linearly 
with  impact  level  from  46,800  psi  for  the  virgin  specimens  (AHP 
data)  to  17,200  psi  at  6.5  kiiotaps  The  circumferential  com¬ 
pressive  strength  decreased  approximately  linearly  from  47,400 
psi  for  the  virgin  material  (AHP  data!  to  16,300  psi  at  6.5 
kiiotaps . 


The  modulus  values  showed  little  change  with  increasing 
impact  level.  The  axial  tensile  modulus  decreased  from  2.20  x  10* 
psi  for  the  virgin  specimens  to  1.62  x  10s  psi  at  4.69  kilotaps 
and  then  increased  again  to  2.12  x  10 6  psi.  Circumferential 
tensile  modulus  decreased  slightly  from  3.16  x  106  psi  for  the 
virgin  specimens  to  3.03  x  10s  at  4.69  kilotaps  and  returned  to 
3.16  x  10*  psi  at  6.06  kilotaps.  Axial  compressive  modulus  de¬ 
creased  approximately  linearly  from  3.42  x  10 6  psi  for  virgin 
specimens  (AHP  data)  to  2,37  x  106  psi  at  6.5  kilotaps.  Circum¬ 
ferential  compressive  modulus  behaved  irregularly,  decreasing 
from  3.50  x  10 6  psi  for  virgin  specimens  to  2.84  x  10 6  psi  at 
4.09  kilotaps  and  then  increasing  to  3.26  x  10 6  psi  at  6.5  kilo¬ 
taps. 


The  only  properties  of  these  specimens  which  agreed  well  with 
the  linear  decrease  of  MOE  with  impact  level  on  the  complete  arcs 
were  the  compressive  strengths.  Had  the  failure  mode  of  the  ten¬ 
sile  specimens  been  tensile  it  is  probable  that  tensile  strengths 
would  have  also  agreed  with  the  linear  MOE  response.  Tensile  and 
compressive  moduli  did  not  agree  with  the  MOE  response. 
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SECTION  V 


DISTRIBUTION  OP  STRUCTURE-CHANGE  IN  ARCS 

A  study  was  made  to  determine  distribution  in  the  plane  of 
the  cylinder  of  structure-change  within  a  given  arc.  Radial 
differences  were  obvious  but  not  inspected  quantitatively. 

The  primary  tools  used  were  radiography  of  arcs  and  specimens 
from  the  arcs  and  visual  inspection.  Correlations  were  then  made 
between  these  results,  other  NDT  monitors  and  mechanical  property 
results  on  specimens.  Observe  that  a  specimen  represents  a 
sample  from  an  arc. 

3D  CARBON -CARBON 

Radiographs  of  Arcs  8-AR-8 ,  8-AR-4  and  8-AR-2  indicated  no 
structure-change.  Radiographic  and  visual  inspections  of  speci¬ 
mens  from  Arcs  8-AR-8  and  8-AR-4  indicated  no  structure-change. 

NDT  monitor  results  and  mechanical  property  results  from  these 
specimens  were  similar  and  this  indicated  uniform  distribution 
of  any  structure-change.  Radiographic  inspection  of  Specimen 
8-AR-2-T1C  revealed  a  circumferential  low-absorptive  alignment  over 
the  full  length  of  the  specimen.  Aligned  cracking  was  detected 
visually  about  0.10  in.  from  the  rear  face  of  the  specimen. 

From  the  mechanical  property  results  at  70°F,  Specimen  8-AR-2-T1C 
had  a  tensile  strength  of  10,600  psi  and  elastic  modulus  of  5.97 
x  10 6  psi  which  were  significantly  lower  than  values  for  8-AR-2-T4C 
of  16,100  psi  and  10.3  x  106  in.  respectively.  Thus,  neither 
structure-change  nor  retained  properties  were  uniform  in  Arc  8-AR-2. 
The  mechanical  property  results  at  3000 °F  and  NDT  monitor  results 
of  these  specimens  were  similar  indicating  similar  structures. 

Structure-change  was  detected  by  radiography  in  bulk  arcs 
at  3.045  kilotaps.  Arc  8-AR-7.  This  change  was  indicated  by  low- 
absorptive  alignments  near  both  ends  of  the  arc.  A  positive 
print  of  the  radiograph  was  given  in  Figure  61,  and  a  sketch  show¬ 
ing  this  result  is  given  in  Figure  107.  Radiographs  of  specimens 
from  this  arc  revealed  increased  volume  oriented  low-absorptive 
alignments  in  the  gage  of  Specimens  8-AR-7-C1C  and  8-AR-7-C3C. 
Specimen  8-AJ.-7-C1C  was  considered  more  severe  than  8-AR-7-C3C. 
Further,  the  radiographs  of  the  specimens  clearly  showed  the  low- 
absorptive  alignments  detected  in  the  ends  of  the  bulk  arc  to 
lie  only  in  Specimens  8-AR-7-C1C  and  8-AR-7-C3C.  Thus,  the  struc¬ 
ture-change  was  not  only  located  at  the  ends  of  the  arc  but  was 
also  local  to  one  edge.  From  the  mechanical  property  results  at 
70°F,  Specimen  8-AR-7-C1C  had  a  slightly  lower  strength  and  sig¬ 
nificantly  lower  modulus  than  Specimen  8-AR-7-C3C.  These 
strength  and  modulus  values  were  4,600  psi  and  4.82  x  10 6  psi  for 
Specimen  8-AR-7-C1C  and  5,100  psi  and  7.26  x  106  for  Specimen 
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8-AR-7-C3C.  NDT  monitor  results  for  the  specimens  were  similar 
except  that  radial  velocity  for  Specimen  8-AR-7-C3C  was  higher# 
0.2166  in./ysec  for  Specimen  8-AR-7-C3C  and  0.1950  in./ysec  for 
Specimen  8-AR-7-C1C.  At  4500°F  the  mechanical  property  results 
were  similar.  Strengths  and  modulus  values  were  10 #400  psi  and 
0.62  x  10*  psi  for  Specimen  8-AR-7-C2C  and  10 #900  psi  and  0.89 
x  10 6  psi  for  Specimen  8-AR-7-C4C.  It  should  be  pointed  out  tha 
these  values  for  modulus  (4500°F)  did  not  align  with  the  values 
measured  at  the  other  impact  levels.  For  example#  at  1.640  kilo 
taps  the  average  modulus  was  3.24  x  10 6  psi  and  at  5.39  kilotaps 
the  average  modulus  was  1.94  x  106  psi.  NDT  monitor  results  for 
the  4500°F  specimens  indicated  no  significant  variation  of  3truc 
ture-change.  This  entire  arc  had  significant  structure-change 
but  the  change  in  NDT  monitors  and  retained  properties  were  not 
the  same  quantitatively. 

Increased  structure-change  was  detected  by  radiography  at 
3.360  kilotaps,  (Arc' 8-AR-5) #  Figure  108.  Continuous  low-absorpt 
alignments  were  detected  at  0  10  and  0.35  in.  from  the  rear  face. 
Structure-change  showed  slight  increase  in  intensity  towards 
the  ends  of  the  arc.  Radiographic  results  on  the  specimens  indi 
cated  similar  structures  for  all  the  specimens. 

NDT  monitor  and  mechanical  results  on  specimens  from  ARC  8- 
AR-5  indicated  some  variation  in  values,  but  these  were  not  sig¬ 
nificant  enough  to  be  conclusive  of  variations  in  structure-chan 
Tensile  strengths  at  70°F  were  9,300  and  10,800  psi  and  at  3000° 
were  18,600  and  16,600  psi.  Modulus  at  70°F  for  all  four  speci¬ 
mens  ranged  from  6.47  x  108  to  8.09  x  106  psi.  Density  ranged 
from  1.670  to  1.677  gm/cm3; axial  velocity  from  0.4026  to  0.4682 
in./ysec  (mean  and  standard  deviation  for  all  specimens  from  the 
3DCC  Arcs  were  0.4382  in./ysec  ar.d  0.0251  in./ysec);  circumfer¬ 
ential  velocity  ranged  from  0.3669  to  0.4034  in./ysec  (mean  and 
standard  deviation  for  all  specimens  were  0.3825  in./ysec  and 
0.0090  in./ysec).  Open  porosity  ranged  from  11.2  to  11.7 
percent  indicating  a  slight  increase  over  specimens  from  the  2.2 
and  1.64  kilotaps  impulse  levels.  For  this  arc  structure-change 
and  retained  properties  varied  but  the  degree  of  change  was 
relatively  uniform. 

Increased  structure-change  (over  3.36  kilotaps)  was  detecte 
by  radiography  at  5.37  kilotaps  for  Arc  8-AR-l,  Figure  109.  In¬ 
creased,  continuous  circumferential  low-absorptive  alignments  we 
indicated  at  0.1,  0.2,  0.3,  and  0.4  in.  from  the  rear  face.  Aga 
a  slight  increase  in  intensity  was  indicated  toward  the  ends  of 
the  arc.  Radiographic  results  on  specimens  indicated  several  gr 
low- absorptive  alignments  (cracking) .  Distribution  of  cracking 
from  specimen  to  specimen  was  fairly  consistent  with  the  widest 
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single  indication  being  in  Specimen  8-AR-1-C4C  at  0.2  in.  from  the 
rear  face.  Mechanical  results  indicated  similar  strengths  for  the 
respective  evaluations  at  70°F  and  3000°F  with  variations  in  modu¬ 
lus.  at  70°F,  Specimen  8-AR-1-C2C  had  a  normal  modulus  of  9.0  x 

106  psi,  and  Specimen  8-AR-1-C3C  had  a  lower  value  of  4.86  x  10G 

psi.  At  4500 °F,  Specimen  8-AR-1-C1C  had  a  modulus  of  2.24  x  10s 

psi,  and  Specimen  8-AR-1-C4C  had  a  decreased  value  of  1.65  x  10* 

psi.  NDT  monitors  indicated  no  variation  in  structure -change 
among  the  specimens.  Density  ranged  from  1.651  to  1.662  gm/cm* 

(mean  and  standard  deviation  from  all  specimens  from  the  3DCC  Arcs 
were  1.667  and  0.005  gm/cm1);  radial  velocity  ranged  from  0.2014 
to  0.2144  in. /Msec  (mean  and  standard  deviation  of  all  specimens 
were  0.2023  and  0.0100  in./ysec) ;  circumferential  velocity  ranged 
from  0.3785  to  C.3914  in. /usee  (mean  and  standard  deviation  of 
all  specimens  were  0.3825  and  0.0090  in. /Msec).  Open  porosity 
ranging  from  19.5  to  20.0  percent  also,  indicating  a  uniform 
structure  for  these  specimens.  For  this  arc,  structure-change  was 
extensive  but  rather  uniform. 

In  summary,  there  was  more  gross  structure-change  observable 
visually  at  the  circumferential  ends  of  the  arcs  but  damage  was 
basically  uniform  in  the  axial  direction,  particularly  at  higher 
impact  levels.  One  could  assess  the  apparent  structure-change 
by  looking  at  the  arcs  axially  and  have  a  fairly  good  impression 
of  structure-change  internally  .  If  one  looked  in  the  circum¬ 
ferential  direction,  the  structure-change  would  erroneously 
appear  more  severe. 

FELT  CC 

Radiographs  and  visual  inspections  on  Plate  12-F-15  (1.21 
kilotaps)  indicated  no  structure-change  (cracking) .  Mechanical 
and  NDT  monitor  results  indicated  similar  results  for  all  speci¬ 
mens  and  therefore  uniform  structure. 

For  Plate  12-F-16  (1.70  kilotaps)  visual  and  radiographic 
inspections  on  the  plate  and  specimens  from  the  plate  indicated 
no  structure-change.  Radiography  revealed  low-absorptive  align¬ 
ments  near  the  rear  face  in  the  plate  which  suggested  cracking; 
however,  visual  inspection  of  the  specimens  later  did  not  confirm 
this.  The  NDT  monitor  and  mechanical  results  for  the  specimens 
were  similar  with  one  exception.  Specimen  12-F-16-T2A  (3000°F) 
had  a  high  modulus  value  of  1.85  x  10*  psi  and  a  low  strain-to- 
failure  of  3.0  x  10" 3  in. /in.  For  comparison,  Specimen  12-F-16-T3A 
(3000°F)  had  a  lower  modulus  of  1.23  x  10*  psi  and  a  higher 
strain- to- failure  of  6.6  x  10"*  in. /in.  The  strengths  were  the 
same  at  3,800  psi.  Material  variability  as  indicated  by  the  low- 
absorptive  areas  may  account  for  these  differences. 
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For  Plate  12-F-l  (2.430  kilotaps)  visual  and  radiographic 
inspections  on  the  plate  revealed  no  structure-change;  however, 
Partek  penetrant  inspection  revealed  hairline,  aligned  cracking  in 
two  opposite  edges.  This  is  important  since  it  is  near  the  design 
limit,  even  though  this  plate  was  "different."  Post-mechanical, 
visual  and  penetrant  inspections  on  the  specimens  revealed  some 
mid-thickness  hairline  cracks  aligned  axially.  In  the  outer 
Specimens,  12-F-1-C1A  and  -C?A,  these  cracks  extended  away  from 
the  fractured  area  and  near  the  restrained  base  of  the  specimen 
but  were  not  found  in  the  center  Specimen,  -  C2A.  Recall  that  the 
center  Specimen,  12-F-1-C2A,  was  not  fractured  due  to  excessive 
strain  and  overheating  of  the  pushrods.  NDT  monitor  and  mechanical 
results  on  specimens  indicated  uniform  structures  through  the 
bulk  plate.  Even  thouga  this  may  have  been  a  "nonrepresentative'' 
plate,  circumferential  cracks  were  found  in  both  the  plate  and 
specimens  suggesting  uniformity  across  the  arcs. 

Visual  inspection  on  the  Plate  12-F-13  (3.07  kilotaps)  de¬ 
tected  hairline  cracking  at  0.15  in.  from  the  rear  face  on  one 
edge.  No  additional  structure-change  was  revealed  by  radiography. 

On  specimens  from  this  plate  visual  inspections  indicated  no 
cracking,  but  radiography  indicated  several  short,  low-absorptive 
alignments-cracking  suspected.  NDT  monitors  and  mechanical 
results  were  similar  for  the  specimens  indicating  uniform  struc¬ 
ture.  Thus  structure-change  in  terms  of  circumferential  cracks 
was  rather  uniform  across  the  arcs. 

On  the  Plate  12-F-10  (3.44  kilotaps)  visual  inspection 
revealed  aligned  and  hairline  cracking  in  two  edges  located  about 
0.2  in.  from  the  rear  face.  Radiography  revealed  that  this  cracking 
extended  nearly  the  full  length  of  the  plate.  Liquid  penetrants 
detected  that  the  hairline  cracking  extended  into  the  third  edge. 
Visual  inspection  on  specimens  removed  from  this  plate  revealed 
that  the  cracking  extended  completely  through  all  four  specimens. 

A  sketch  showing  these  results  is  included  as  Figure  110.  The 
NDT  monitor  and  mechanical  results  were  similar  for  all  the 
specimens,  also  indicating  uniform  distribution  of  structure- 
change.  Structure-change  was  rather  uniform  across  this  plate. 

Characterization  of  distribution  in  Plate  12-F-  11  (4.14  kilo¬ 
taps)  was  similar  to  Plate  12-F-10  except  that  cracking  was  more 
severe.  Gross  through  cracking  in  all  four  specimens  was 
revealed  by  visual  inspection,  Figure  111.  Radiography  revealed 
gross  cracking  running  the  full  length  of  Specimen  12-F-11-C1A  and 
about  80  percent  of  the  length  of  the  other  three  specimens. 

Figure  112.  Hairline  cracking  extended  beyond  the  gross  cracking 
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in  these  three  specimens  for  the  remaining  20  percent  of  the 
specimen  length.  Mechanical  evaluations  indicated  similar 
results  and  uniform  distribution  of  structure-change.  NDT 
monitors  also  indicated  similar  results  except  for  ultrasonic 
transmission  in  Specimen  12-F-11-C1A  whose  value  was  high  at 
24  added  :1B.  Values  for  the  other  three  specimens  ranged  from 
16  to  18.5  added  dB. 

in  summary,  the  structure-change  was  rather  uniform  across 
the  plates  being  perhaps  more  severe  on  the  circunferential  ends 
and  slightly  less  severe  on  the  axial  ends.  Circunferential 
cracks  were  found  near  2.5  kilotaps  and  definitely  above  3  kilotaps. 
Criteria  for  this  material  may  be  small  circumferential  cracks  if 
they  ei re  "extended"  by  "structural"  loads  during  shock  loading 
or  if  they  C4n  "turn"  and  "run"  in  temperature-stress  loading. 

AVCO  R6300 

No  structure-change  was  indicated  by  any  of  the  data  for  Arc 
10-AR-4  (0.49  kilotaps).  Visual  inspection  revealed  occasional, 
short  (~0.10  in.)  hairline  cracks  in  Arc  10-AR-7  (1.57  kilotaps). 
Radiography  of  the  arc  and  of  specimens  from  the  arc  did  not  reveal 
any  structure-change.  The  NDT  monitors  did  not  show  significant 
variation  among  the  specimens.  The  mechanical  properties,  however, 
showed  a  difference  in  compressive  strength  between  the  two  cir¬ 
cumferential  specimens.  The  strengths  were  28,800  psi  for  Specimen 
10-AR-7-C3C  and  21,000  psi  for  Specimen  10-AR-7-C4C.  Since  there 
were  no  additional  indications  of  more  structure-change  for 
Specimen  10-AR-7-C4C  than  for  the  other  three  specimens  from  this 
arc,  it  cannot  be  concluded  that  the  difference  in  strength  repres¬ 
ents  nonuniform  structure-change.  Visual  inspection  of  specimens 
from  this  arc  indicated  hairline  cracking  in  both  axial  specimens 
but  none  in  the  circumferential  specimens.  These  visual  results 
on  the  specimens  indicate  end  to  end  distribution.  Additional 
indications  were  not  available. 

None  of  the  data  for  Arc  10-AR-6  (1.66  kilotaps)  indicated 
any  structure-change. 

Visual  inspection  of  Arc  10-AR-3  (1.90  kilotaps)  revealed 
aligned,  hairline  cracking  in  the  edges  viewed  axially  but  this 
did  not  extend  to  the  circumferential  ends  of  the  arc.  Radio- 
graphic  inspection  of  this  arc  revealed  occasional  low- absorptive 
alignments  which  correlated  with  the  visual  hairline  cracking. 
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Visual  inspection  of  the  specimens  from  this  arc  showed  hairline 
cracking  all  around  both  axial  specimens  at  about  0.10  in.  from 
the  inner  surface  and  in  the  circumferential  Specimen  10-AR-3-C4C,. 
In  Specimen  10-AR-3-C4C  the  hairline  cracking  tended  to  follow  a 
tape  wrap  lamina.  The  only  positive  indication  from  radiography 
of  the  specimens  was  hairline  cracking  in  Specimen  10-AR-3-C4C, 
Figure  114.  Ultrasonic  transmission  for  Specimen  10-AR-3-C4C  was 
somewhat  lower  at  26  added  dB  than  for  the  other  three  specimens 
(range  28  to  32  added  dB) .  The  other  NDT  monitors  did  not 
indicated  variation  among  the  specimens.  The  compressive  strength 
of  Specimen  10-AR-3-C4C  was  20e  210  psi  which  was  significantly 
lower  than  the  27 , 520  psi  strength  of  Specimen  10-AR-3-C3C.  From 
the  above  it  appears  that  the  most  significant  structure-change 
in  this  arc  occurred  at  the  location  of  Specimen  10-AR-3-C4C  which 
was  at  the  bottom  of  the  a rs  *rom  the  indexed  end. 

Visual  inspection  of  Arc  lO-AR-l  (1.99  kilotaps)  revealed 
aligned  hairline  circumferential  cracking  which  covered  a  greater 
portion  of  the  arc  than  on  Arc  10-AR-3  but  still  did  not  extend 
to  its  ends.  Even  though  visually  the  hairline  cracking  was  more 
extensive  than  on  Arc  10-AR-3  radiographic  inspection  did  not 
show  any  structure-change.  Visual  inspections  on  the  specimens 
from  this  arc  revealed  hairline  cracks  on  both  axial  specimens 
on  the  ends  located  at  the  bottom  of  the  arc  and  two  short  axial 
hairline  cracks  in  the  gage  section  of  Specimen  10-AR-1-T1A. 
Specimen  10-AP  T4C  had  several  hairline  cracks  which  were  located 
in  the  specimen  near  the  bottom  of  the  arc.,  The  only  structure- 
change  revealed  by  radiography  of  the  specimens  was  one  hairline 
crack  in  Specimen  1C-AR-1-T4C  at  about  0.05  in.  from  the  inner 
surface.  The  only  significant  result  from  the  NDT  monitor  and 
mechanical  evaluations  was  a  slightly  low  tensile  strength  for 
Specimen  10-AR-1-T4C.  The  strength  of  this  specimen  was  7,110  psi 
compared  to  7,420  psi  for  Specimen  10-AR-1-T3C.  In  this  arc,  10- 
AR-1,  the  structure-change  appeared  to  be  more  severe  at  the 
bottom  of  the  arc.  Both  structure-change  and  retained  properties 
were  reasonably  uniform  across  the  arcs  except  for  the  bottom  edge. 

Radiographic  inspection  of  Arc  10-AR-5  (4.04  kilctaps)  re¬ 
vealed  cracking  and  airline  cracking  to  about  0.20  in.  from  the 
inner  surface  with  a  slight  increase  in  number  and  severity  at  the 
ends  of  the  arc.  Visual  inspection  showed  delaminations  along  and 
across  the  tape  wrap  laminae.  As  viewed  from  the  ends  of  the  arc 
the  cracking  at  the  top  of  the  arc  tended  to  remain  generally 
parallel  to  the  inner  surface,  Figure  115,  At  the  bottom  of  the 
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arc  the  crac.ki.ng  tended  to  follow  the  tape  wrap  laminae  and 
resulted  in  occasional  material  removal.  The  structure-changes 
seemed  to  be  more  severe  at  the  corners.  Radiographic  inspection 
of  Specimen  10-AR-5-C1A,  Figure  113,.  showed  severe  cracking  over 
the  full  length  which  was  more  severe  at  the  top  than  in  the 
center  and  most  severe  at  the  bottom  of  the  arc.  On  Specimen 
10-AR-5-C2A  the  pattern  was  the  same  as  for  Specimen  1Q-AR-5--CIA 
but  the  overall  severity  was  less.  Specimen  10-AR-5-C3C  revealed 
multiple  hairline  cracking  to  a  depth  of  about  0.20  in.  from  the 
inner  surface.  Figure  114.  On  Specimen  10-AR-5-C4C  the  cracking 
or  delamination  was  severe.  Visual  inspection  of  the  specimens 
coincided  with  the  radiographic  inspection  results.  Compressive 
strength  measurements  agreed  well  with  the  visual  and  radiographic 
results.  The  specimen  with  the  more  severe  structure- change  had 
the  lower  strength.  Of  the  NDT  monitors  only  ultrasonic  trans¬ 
mission  agreed  with  the  visual  and  radiographic  results.  The 
severe  structure-changes  in  this  arc  seemed  to  be  confined  to 
0.20  in.  from  the  inner  surface.  Structure-change  was  observed 
across  the  arc  but  cracks  were  more  open  at  the  corners. 

The  lowest  impact  level  for  which  an  indication  of  structure- 
change  %/as  found  was  1.57  kilotaps  (Arc  10-AR-7)  where  a  signifi¬ 
cantly  lower  compressive  strength  was  observed  for  the  circum¬ 
ferential  specimen  nearest  the  bottom  of  the  arc.  Visual 
inspection  of  specimens  from  this  arc  indicated  hairline  cracking 
at  the  indexed  end  of  the  arc  but  not  at  the  end  where  the  low 
compressive  strength  was  observed.  At  1.66  kilotaps  (Arc  10-AR-6) 
no  structure-change  was  indicated.  At  1.90  kilotaps  (Arc  1G-AR-3) 
visual  inspection  revealed  cracking  at  the  indexed  end  of  the 
arc  parallel  to  the  inner  surface  and  opposite  the  indexed  end  at 
the  lower  surface  which  followed  the  tape  wrap  laminae.  Radio- 
graphic,  strength  and  ultrasonic  transmission  data  indicated  that 
the  most  significant  structure-change  was  at  the  end  opposite  the 
indexed  end  at  the  lower  surface  of  the  arc.  At  1.99  kilotaps 
(Arc  10-AR-l)  the  overall  structure-change  seemed  to  be  less 
severe  than  at  1.90  kilotaps  (Arc  10-AR-3) .  Visual  inspection 
revealed  hairline  cracking  along  the  lower  surface  of  the  arc 
which  tended  to  follow  the  tape  wrap  laminae.  Radiographic  and 
strength  data  indicated  the  most  significant  structure-change  at 
the  end  of  tl  e  arc  opposite  the  indexed  end  at  the  lower  surface. 

At  4.04  kilo  aps  (Arc  10-AR-5)  visual  inspection  revealed  severe 
cracking  thv.  was  more  severe  at  the  cornera  of  the  arc  than  at 
the  center  c  £  any  of  the  edges .  The  cracks  tended  to  remain 
parallel  to  the  inner  surface  at  the  top  of  the  arc  but  generally 
followed  the  tape  wrap  laminae  near  the  lower  surface.  Radio- 
graphic  inspection  showed  the  structure-change  to  be  more  severe 
near  the  lower  surface  than  at  the  top.  Strength  and  ultrasonic 
transmission  results  confirmed  the  visual  and  radiographic  findings. 

46 


In  summary,  structure-change  was  not  uniform  across  the  arc 
and  seemed  to  be  more  severe  near  the  edges.  Radially,  the  damage 
was  more  severe  at  the  inner  portion.  At  about  1.5  ki.totaps, 
structure-change  (circumferential  cracks)  became  apparent  and 
influenced  retained  properties.  Cracks  between  fabric  layers 
occurred  at  about  1.5  kilotaps  and  across  fabric  layers  at  perhaps 
4  kilotaps. 

AVCO  3D/QP 

Characterization  of  the  bulk  3D/QP  Arcs  indicated  structure- 
change  starting  vi Lh  Arc  ll-AR-8  (4.58  kilotaps).  At  this  level, 
occasional  bulk  delaminations  were  detected  by  Partek  penetrant 
only.  On  specimens  from  the  arc  some  distribution  in  structure- 
change  was  indicated  in  that  hairline  and  moderate  discontinuous 
cracking  was  observed  by  visual  inspection  in  all  edges  of  Specimens 
-T1A,  ~T2A,  and  -T3C,  but  more  severe  cracking  was  apparent  in 
Specimens  -T4C.  Radiography,  Figures  116  and  117,  revealed 
similar  bulk  delaminations  in  -T1A,  and  -T2A  but  revealed  none 
in  -T3C  and  -T4C,  although  visually  apparent.  NOT  monitor  and 
mechanical  results  indicated  similar  results  for  the  specimens 
and  uniform  structure.  Structure-change  extended  through  the  arc. 

For  Arc  ll-AR-5  (7.54  kilotaps),  visual  inspection  on  the 
arc  indicated  apparent  bulk  delaminations  and  rear  lift.  Radio¬ 
graphy  indicated  low- absorptive  alignments  at  mid-thickness  over 
the  full  length  of  the  arc.  On  specimens  from  the  arc  some 
distribution  in  structure-change  was  indicated  in  that  very  slight 
cracking  was  observed  in  Specimens  -C2A,  -C3C,  and  C4C,  but  more 
severe  cracking  was  apparent  down  both  sides  of  -CIA.  Distri¬ 
bution  was  further  indicated  by  radiography.  Figures  118  and  119, 
in  that  delaminations  were  revealed  at  mid- thickness  for  the  full 
lengths  of  Specimens  -CIA,  and  -C3C  and  nearly  the  full  length 
of  -C2A.  A  full-length  delamination  at  mid- thickness  was  also 
indicated  in  Specimen  -C4C  but  bulk  delaminations  were  also 
dispersed  on  either  side  of  the  major  delamination.  Again,  NOT 
monitor  and  mechanical  results  were  similar  among  the  specimens 
indicating  uniform  structure-change.  Structure-change  extended 
across  the  arc  even  though  the  delaminations  opened  more  at  some 
locations  than  at  others. 

For  Arc  ll-AR-3  (7.95  kilotaps),  visual  and  radiographic 
inspections  on  the  bulk  arc  clearly  indicated  full  length  mid¬ 
thickness  delamination  and  rear  lift.  Visually,  moderate  and 
discontinuous  cracking  was  detected  at  the  middle  of  all  edges 
of  Specimen  -T1A.  More  apparent:  cracking  was  observed  in  both 
sides  of  -T2A  with  no  apparent  cracking  in  the  ends.  Cracking 
was  apparent  at  mid-thickness  in  Specimens  -T3C  and  -T4C. 
Radiography,  Figures  116  and  117,  indicated  mid-thickness  delam¬ 
inations  running  the  full  length  of  all  four  specimens  with  the 
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delaminations  in  -C4C  appearing  the  least  severe.  Again,  NDT 
monitor  and  mechanical  results  were  similar  among  the  specimens 
indicating  uniform  structure  change.  Generally,  structure-change 
was  uniform. 

For  Arc  ll-AR-7  (8.61  kilo taps),  visual  and  radiographic 
inspection  on  the  bulk  arc  indicated  increased  full-length  mid¬ 
thickness  delamination  with  failed  radials  and  rear  lift.  On 
specimens  from  the  arc  visual  inspection  indicated  severe  cracking 
at  mid-thickness  of  all  four  specimens.  Radiography,  Figures  116 
and  117,  revealed  severe  full-length  mid-thickness  delaminations 
in  all  four  specimens  with  the  delamination  in  Specimen  -T2A 
appearing  less  severe  than  -T1A.  Mechanical  results  for  the 
specimens  were  similar;  however,  some  significant  variations  in  the 
NDT  monitors  were  measured  indicating  possible  distribution  in 
structure-change.  The  bulk  density  for  -T4C  was  1.542  gm/cnr 
compared  to  a  range  of  1.579  -  1.583  gm/cm5 for  the  other  three 
specimens;  open  porosity  for  -T3C  was  9.7  percent  compared  to  a 
range  of  10.4  -  10.6  percent  for  the  other  three  specimens;  radial 
velocity  for  all  four  specimens  had  an  overall  range  of  0.1793  - 
0.1903  in. /usee.  Structure-change  was  generally  uniform. 

For  Arcs  11-AR-l  and  ll-AR-2  (9.01  kilotaps) ,  visual  and 
radiographic  inspections  revealed  full-length  mid-thickness 
delaminations  and  rear  lift  somewhat  similar  to  ll-AR-7  above 
except  the  delamination  in  ll-AR-2  appeared  less  severe.  On 
specimens  from  the  arcs  visual  inspection  revealed  cracking  in  the 
middle  of  both  edges  over  the  full  length  of  Specimens  11-AR-l-ClA, 
11-AR-2-C1A,  and  11-AR-2-C2A  and  nearly  the  full  length  of  11-AR-1-C2A. 
For  Specimen  11-AR-2-C4C,  cracking  was  apparent  in  the  middle  of 
all  edges  with  one  edge  having  more  pronounced  cracking.  Except 
for  apparent  cracking  in  one  end  each  of  11-AR-1-C4C  and  11-AR-2-C3C, 
only  slight  cracking  was  evident  in  the  remaining  specimens. 
Radiography,  Figures  118  and  119,  indicated  severe,  full-length 
mid-thickness  delaminations  in  all  of  the  specimens.  The  NDT  monitor 
and  mechanical  results  gave  some  indication  of  distribution  in 
structure-change;  however,  the  low  and  high  values  of  the  respective 
measurements  did  not  necessarily  correlate  with  each  Gther. 

Values  Cor  circumferential  compressive  strength  for  Specimens 
11-AR-1-C3C  and  -C4C  were  10,760  and  13,060  psi  and  for  Specimens 
11-AR-2-C3C  and  -C4C  were  10,360  and  13,090  psi.  Values  for  axial 
moduli  for  Specimens  11-AK-2-CIA  and  -C2A  were  1.41  x  10*  and  2.05 
x  106  psi.  Circumferential  moduli  values  for  11-AR-2-C3C  and  -C4C 
were  1.86  x  10‘  and  2.84  x  106  psi.  The  bulk  density  for  1.L-AR- 

I- C4C  was  1.534  gm/cm1 compared  to  a  range  of  1.556  -  1.560  for 

the  other  three  specimens  from  this  arc.  The  bulk  density  for 

II- AR-2-C3C  was  1.581  compared  to  a  range  of  1.564  -  1.568  gm/cm5 

for  the  other  three  specimens  from  Arc  ll-AR-2.  Radial  velocity 
for  the  four  specimens  removed  from  Arc  11-AR-l  ranged  from  0.1707 
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(-C4C)  to  0*1895  in. /usee  (-C3C) ;  for  the  four  specimens  removed 
from  Arc  ll-AR-2  the  range  was  from  0.1778  (-C4C)  to  0.1936  in./Usec 
(-C2A) .  Structure-change  was  uniform. 
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For  Arc  ll-AR-6  (9.88  kilotaps) ,  visual  and  radiographic 
inspections  revealed  increased  full-length  mid- thickness  delam¬ 
inations  with  failed  radials  and  increased  rear  lift.  On  specimens 
from  the  arc  severe  cracking  was  observed  in  the  middle  of  all 
edges  of  Specimen  -T1A  and  in  three  edges  of  Specimen  -T2A.  Very 
severe  cracking  was  apparent  at  the  middle  of  all  edges  in  Specimens 
-T3C  and  -T4C.  Radiography,  Figures  116  and  1X7,  indicated  gross 
full  length  mid- thickness  delaminations  in  all  four  specimens. 

NDT  monitor  and  mechanical  results  indicated  some  distribution 
of  structure-change.  Again,  the  low  and  high  values  of  the 
respective  measurements  did  not  necessarily  correlate  each  other. 
Values  for  circumferential  tensile  strength  for  Specimens  -T3C  and 
-T4C  were  24,330  and  18,670  psi.  Values  for  axial  moduli  for 
Specimens  -TlA  and  -T2A  were  2.62  x.  10*  psi  and  3.25  x  10s  psi. 

Bulk  density  ranged  from  1.517  to  1.543  gm/cm3;  open  porosity 
ranged  from  11.9  to  13.5  percent;  radial  velocity  ranged  from 
0.1693  to  0.1881  in./usec.  Structure-change  was  uniform. 

In  summary  the  cracks  seemed  more  open  at  the  edges  of  the 
arcs  but  the  cracks  (and  property  degradation)  persisted  to  the 
center.  The  difference  was  in  the  degree  of  opening  of  the  cracks. 
Cracks  seemed  "randomly  uniform"  in  that,  they  would  close  and 
then  open  through  an  arc.  Extensive  delaminations  were  found  at 
*.50  kilotaps. 

OUTER  -  3DC/QP  (MATERIAL  #15A) 

Characterization  of  outer  material  of  the  3DC/QP  bulk  arcs 
indicated  structure-change  starting  with  Arc  15-AR-3  (4.09  kilotaps). 
At  this  level,  bulk  delaminations  with  a  failed  radial  were  apparent 
by  visual  inspection.  On  the  axial  specimens  from  the  arc  radio¬ 
graphy,  Figures  123  and  124,  indicated  bulk  delaminations  and 
short,  volume  oriented  low-absorptive  alignments  indicating  volume 
expansion.  The  circumferential  specimens  were  not  considered 
revealing.  The  mechanical  results  were  reasonably  consistent 
indicating  uniform  structure-change  distribution.  NDT  monitor 
results  from  bulk  lensity  and  open  porosity  measurements 
indicated  some  slick4-  variation.  The  ranges  for  these  data  were 
1.351  -  1.366  gm/ezz1  *.»d  8.0  -  8.4  percent.  Radial  measurements 
of  ve.locity  and  ultrasonic  transmission  were  not  revealing  because 
of  specimen  thickness  variations.  Structure-change  was  uniform. 
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For  Arc  15-AR-5  (4.69  kilotaps)  outer#  visual  inspection  of  C^J 

the  bulk  arc  indicated  increased  cracking.  Radiography,  Figure  ' 

120,  revealed  a  0.4  in.  long  low-absorptive  alignment  in  the 
central  region.  On  axial  specimens  from  the  arc  radiography 
indicated  increased  (over  specimens  from  15-AR-3)  short,  volume 
oriented  low-absorptive  alignments.  Figure  121.  In  the  circum¬ 
ferential  specimens,  however,  full-length  low-absorptive 
alignments  were  apparent.  Figure  122.  The  mechanical  results 
showed  some  wide  variations.  Specimens  -T1A  and  -T2A  had  values 
of  axial  tensile  strength  of  8,650  and  4,900  psi  and  moduli  of 
3.3  x  106  and  0.84  x  106  psi.  Specimens  -T3C  and-T4C  had  values 
of  circumferential  tensile  strength  of  1,340  and  2,290  psi.  NOT 
monitor  values  of  open  porosity  ranged  from  7.5  to  8.3  percent. 
Structure-change  was  uniform. 

For  Arc  15-AR-6  (5.18  kilotaps)  outer,  visual  and  radio- 
graphic  inspections  of  the  bulk  arc  indicated  mid-thickness 
delaminations  particularly  near  the  ends  of  the  arc.  Figure  120. 

On  specimens  from  the  arc,  radiography  indicated  aligned  cracking 

in  all  specimens .  Cracking  appeared  more  sex  ere  in  Specimens 

-C2A  and  -C3C  than  in  -CIA  and  -C4C.  Similar  to  AVCO  3DQP 

(Material  11) ,  some  of  the  mechanical  and  NOT  monitor  results 

indicated  structure-change  distribution;  however,  the  low  and 

high  values  of  the  respective  measurements  did  not  necessarily 

correlate  with  each  other.  From  the  mechanical  results.  Specimens 

-C3C,  and  -C4C  had  values  of  circumferential  strength  of  6,410  and  ) 

4,580  psi.  As  mentioned  above  the  radiographs  of  these  specimens 

showed  Specimen  -C3C  to  have  the  more  severe  cracking.  From  NDT 

monitor  results,  bulk  density  ranged  from  1.330  to  1.344  gm/cm3, 

and  open  porosity  ranged  from  8.8  to  9.8  percent.  Structure- 

change  and  retained  properties  were  uniform  except  for  -C4C  where 

the  cracks  seemed  milder  but  properties  were  lower. 

For  Arc  15-AR-4  (6.06)  kilotaps)  outer,  visual  and  radio- 
graphic  inspections  of  the  bulk  arc  indicated  mid-thickness 
delamination  with  failed  radial s.  Figure  120.  Radiography  further 
indicated  volume,  low- absorptive  alignments  extending  out  from  the 
mid-thicknes3  delaroination.  On  specimens  from  the  arc  radiography 
indicated  multiple  delaroinations  in  all  four  specimens  with  the 
axial  specimens  indicating  a  slight  increase  in  structure-change, 

Figures  122  and  123.  The  mechanical  results  indicated  that  the 
circumferential  strength  was  essentially  zero  while  the  axial 
strength  was  about  1,250  psi.  NDT  monitors  indicated  some  vari¬ 
ations  in  density  and  open  porosity.  Bulk  density  ranged  from 
1.261  to  1.281  gm/cm3,  and  open  porosity  ranged  from  9.9  to  11.6 
percent  with  the  two  axial  specimens  having  the  highest  values. 

Overall,  str1  cture-change  must  be  considered  uniform. 
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For  Arcs  15-AR-7  and  15-AR-8  {6,50  and  S.54  kilo taps)  outer, 

-,  visual  and  radiographic  inspection  indicated  full-length  mid- 

VJ  thickness  delaminations  with  failed  radials,  Figure  120.  Volume 

,  cracking  anc'  low- absorptive  alignments  also  extended  out  from  the 

major  delami.iations .  On  specimens  from  Arc  15-AR-7,  radiography 
indicated  severe  volume  low-absorptive  alignments  in  Specimens 
-CIA  and  -C2A,.  Figure  123,  and  severe  mid-thickness  delamin&tions 
in  Specimens  -C3C  and  -C4C,  Figure  124.  From  Arc  15-AR-8 ,  very 
severe  volume  low-absorptive  alignments  in  Specimens  -CIA,  and 
-C2A  and  less  severe (than  15-AR-7-C3C  and  -C4C)  mid- thickness 
delaminations  with  volume  low-absorptive  alignments  located  out¬ 
side  the  major  del aminat ions  in  Specimens  -C3C  and  -C4C  were 
revealed  by  radiography.  Mechanical  and  NDT  monitor  results 
indicated  structure  variations.  For  Arc  15-AR-7 ,  values  of  axial 
compressive  strength  for  Specimens  -CIA  and  -C2A  were  4,820  and 
6,000  psi.  Values  of  circumferential  compressive  strength  for 
Specimens  -C3C  and  -C4C  were  2,820  and  3,670  psi.  Press  the  NDT 
monitor  results,  Lulk  density  ranged  from  1.207  to  1.267  gm/cm1, 
and  open  porosity  ranged  from  9.6  to  11.1  percent.  For  Arc 
15-AR-8,  the  only  variation  in  compressive  strength  was  in  the 
circumferential  direction  for  Specimens  -C3C  and.  -C4C  which  had 
values  of  5,940  and  4,340  psi.  From  the  NDT  monitor  results,  bulk 
density  ranged  from  1.239  to  1.288  gm/cm5,  and  open  perosity  ranged 
from  8.6  to  9.6  percent.  Previously  for  the  other  impact  levels 
of  this  material,  radial  velocity  was  not  discussed  as  a  monitor 
for  structure  distribution  primarily  because  of  differences  in 
thicknesses  of  specimens  and  because  of  uniformity  in  values.  For 
Arc  15-AR-8,  however.  Specimen  -C2A  had  a  velocity  of  0.1626 
in./ysec  compared  to  the  range  of  0.1803  to  0.1835  in. /nsec  for  the 
other  three  specimens.  Structure-change  and  retained  properties 
were  uniform  except  for  15-AR-7-C1A  and  15-AR-8-C3C  where  structure' 
change  seemed  similar  but  properties  differed. 

In  summary,  structure-change  did  not  appear  uniform  circum¬ 
ferentially  and  appeared  to  be  more  severe  between  the  center  and 
the  ends  of  the  bulk  arc.  Cracking  without  regard  for  appearance 
was  rather  uniformly  distribut'd.  Major  structure-change  to 
Material  #15  occurred  near  the  middle  (radially)  of  the  outer 
material.  Structure-change  vas  incurred  at  the  first  impulse  level 
(4.09  kilotaps)  which  influenced  retained  properties.  This 
change  consisted  of  bulk  deiaminations  in  the  outer  material  by 
visual  and  radiographic  inspections.  At  higher  impact  levels 
mid- thickness  delaminations  with  volume  cracking  were  incurred. 
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INNER  -  3DC/QP  ('  IATERIAL  #1513) 


Characterization  of  the  inner  material  from  the  3DC/QP  arcs 
indicated  that  structure-change  was  confined  primarily  near  the 
inner  (rear)  surface  starting  with  Arc  15-AR-5  (4.69  kilotaps) . 

At  this  level,  visual  inspection  of  the  bulk  arc  revealed  cracking 
near  the  rear  face  to  a  depth  of  about  four  plies.  Radiography, 
Figure  120,  indicated  an  0.15  in.  long  low-absorptive  alignment  at 
one  end  located  about  three  plies  behind  the  rear  face.  With 
increased  impulse  loadings  on  Arcs  15-AR-6  and  -4  (5.18  and  6.06 
kilotaps) ,  increased  cracking  was  apparent  near  the  rear  face.  For 
Arcs  15-AR-7  and  -8  (6.51  and  6.54  kilotaps),  the  cracking  near  the 
rear  face  was  more  aligned.  On  specimens  from  the  arcs,  radio¬ 
graphy  did  not  indicate  structure- change  below  6.51  kilotaps  (Arcs 
15-AR-7  and  -8) .  At  these  levels,  low-absorptive  alignments  were 
revealed  near  the  rear  face.  The  severity  of  these  alignments 
were  considered  similar. 


The  nondestructive  monitor  and  mechanical  results  did  not 
m  general  show  nonuniform  distribution  of  structure-change. 

Several  instances  were  found  where  a  single  value  of  one  of  the 
NDT  monitors  or  mechanical  properties  differed  from  the  other 
values  for  a  given  arc.  In  only  two  instances  were  there  confirm¬ 
ing  data  of  nonuniform  distribution.  At  5.18  kilotaps  (Arc  15- 
AR-6)  the  circumferential  compressive  Specimen  15B-AR-6-C4C  had 
low  strength,  strain- to-failure  and  radial  sonic  velocity.  These 
low  values  were:  14,900  psi  (20,250  psi  for  Specimen  15B-AR-6-C3C) , 
0.0038  in. /in.  (0.0073  in. /in.  for  Specimen  15B-AR-6-C3C , 

0.1795  in. /nsec  (0.1820  to  0.1831  in./ysec  for  the  other  three 
specimens).  At  6.54  kilotaps  the  axial  compressive  Specimens 
15B-AR-8-C1A  had  Jow  strength,  bulk  density  and  radial  sonic 
velocity  though  the  delamination  seemed  typical  of  the  arcs.  These 
low  values  were:  14,580  psi  (21,400  psi  for  Specimen  15B-AR-8-C2A) , 
1.519  gm/cm3  (1.541  to  1.576  for  the  other  three  specimens  from 
this  arc)  and  0.1730  in./ysec  (0.1836  in./ysec  for  Specimen  15-B- 
AR-8-C2A) .  In  these  two  cited  instances  it  may  be  concluded  that 
nonuniformity  of  structure-change  existed  in  these  arcs;  <'*■  least, 
there  were  differences  in  retained  properties. 

For  the  inner  portion  of  the  3DC/QP  arcs  structure-change  was 
apparent.  At  the  4.69  kilotap  level,  cracking  near  the  rear  face 
was  revealed.  With  two  exceptions  the  distribution  of  structure- 
change  seemed  to  be  uniform  over  the  arcs.  For  the  two  exceptions 
■o  uniform  distribution  there  was  no  location  which  seemed  to  be 
more  susceptiole  to  structure-change. 

The  conclusion  drawn  is  that  the  exceptions  were  due  to 
random  material  parameters. 


SECTION  VI 


O  RESULTS  OF  PRE- IMPACT  NDT  EVALUATIONS 

The  test  results  for  Phase  II  are  given  in  Tables  37  through 
42  and  Figures  125  through  180.  The  presentation  of  the  data 
according  to  material  follows. 

AVCO  3DC/QP 

Nondestructive  testing  consisted  of  QC  inspection  of  11  arcs 
and  6  rings,  and  based  on  the  QC  inspection  res  Its,  1  ring  was 
selected  for  underground  FT  inspection.  The  QC  results  are  given 
in  Table  37  and  photographs  of  typical  3DC/QP  structure  in  Figures 
125  and  126.  Typical  structure  as  revealed  by  radiography  in  the 
radial  and  axial  directions  is  shown  in  Figure  127. 

No  anomalies  or  problems  were  apparent.  The  porosity  of  the 
AHCA  material  was  significantly  lower  than  AHP  material.  Figures 
125  and  126  show  the  comparison  between  the  materials.  At  the 
ti..te  of  this  characterization,  no  problem  with  the  AHCA  material 
was  suspected  since  it  was  to  be  an  improvement  over  AHP  material 
by  impregnation. 

AVCO  3DCP 

Nondestructive  testing  consisted  of  QC  inspection  of  22  arcs 
and  10  rings  from  which  5  arcs  were  selected  for  AHCA  FT  in¬ 
spection  and  6  rings  were  selected  for  underground  FT  inspection. 
The  results  are  given  in  Table  38  and  Figures  128  through  134. 
Typical  3DCP  material  structure  is  described  in  Figures  128  and 
129,  Photographs  depicting  the  material  in  the  axial  and  cir¬ 
cumferential  directions  are  given  in  Figure  134.  Typical  struc¬ 
ture  as  revealed  by  radiography  in  the  radial  and  axial  directions 
is  shown  in  Figure  129.  No  photomicrographs  were  made  on  these 
specimens.  However,  photomicrographs  were  subsequently  made  on 
AHCA  3LC/QP  during  the  characterization  of  the  damage  problem. 
Photomicrographs  on  both  AHP  and  AHCA  3DC/QP  are  given  in  Appendix 
M  under  the  discussion  of  this  anomalous  structure-change  problem. 

Similar  to  AVCO  3DC/QP,  this  material  also  had  lower  porosit . 
than  AHP  material.  In  addition,  visable  resin  rich  areas  along 
yarns  and  resin  starved  areas  around  radials  were  detected  in  the 
arcs  and  rings.  Figures  130  and  131.  The  density  of  the  arcs 
were  the  same  as  AHP  material  at  1.42  qm/cm3.  The  density  of  the 
rings  were  slightly  less  at  1.41  gm/cm  .  Velocity  results  from 
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the  5  FT  arcs  indicated  values  similar  to  AKP  for  axial  velocity 
at  0.370  in./psec,  but  no  comparison  for  radial  velocity  was 
available.  Radial  ultrasonic  transmission  values  ranged  from  31 
to  32  added  dB. 

Anomalies  detected  by  visual  inspection  were  of  a  mechan¬ 
ically  induced  nature.  For  Arc  7  of  Ring  6,  voids  and  raised 
axials  were  detected  in  the  C  edge,  Figure  132;  for  Arcs  5  and  6 
of  Ring  6,  chipped  corners  were  apparent;  for  Ring  2,  the  outer 
edge  was  chipped  or  crushed  at  25°,  Figure  133;  for  Ring  8,  an 
0.16  inch  long  area  in  the  top  edge  was  indented,  Figure  133;  for 
Ring  10,  local  areas  having  high  porosity  were  apparent.  Figure  134. 
Radiography  detected  no  anomalies  in  the  arcs  and  rings.  Typically, 
various  concentrations  of  circumferential  low-absorptive  alignments 
were  revealed  by  radiography  in  the  axial  direction  for  ail  the 
specimens.  Ring  1  was  probably  the  only  exception  as  no  signifi¬ 
cant  variations  were  detectable.  In  addition  for  the  rings, 
occasional  through  and  part-through  thickness  low-absorptive 
alignments  along  the  radials  were  observed.  Such  alignments  were 
seen  in  Ring  3  at  45°,  Ring  5  at  10-45°  and  340°,  Ring  9  at  135°, 
190°,  and  350°,  Ring  10  at  240°,  and  Ring  12  at  245°. 


Based  on  these  inspections  of  the  rings,  the  locations  of  most 
uniform  material  sites  selected  were  as  follows: 


Ring  No. 

1 

2 

3 

4 

5 
8 
9 

10 

11 

3.2 

AVCO  3DCP  (T400) 


Most  Uniform  Material 
Centerline 


Any 

270° 

225° 

300° 

255° 

90° 

Not  Selected 
45° 

Not  Selected 
345° 


Four  rings  and  4  arcs  received  QC  nondestructive  testing. 

The  results  are  given  in  Table  39  and  Figures  135  through  137. 
Typical  structure  revealed  by  radiography  in  the  radial  and  axial 
directions  is  shown  in  Figure  135. 
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Generally,  the  material  was  uniform  and  sound;  A  background 
of  residual  pores  or  voids  and  striations  were  visually  apparent 
in  the  surfaces  and  edges.  No  anomalies  were  detectable  by  the 
vicuai  or  radiographic  inspection  of  the  arcs.  Visual  inspection 
Ring  3  revealed  a  circumferential  delamination  in  the  outer  sur- 
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face  at  330°,  voids  on  the  inner  surface  at  220°,  and  voids  on  the 
bottom  edge  at  45°.  Radiography  revealed  several  concentrations 
of  circumferential  low-absorptive  alignments  in  all  4  rings.. 

Figure  136  depicts  a  typical  alignment.  The  locations  of  these 
variations  are  detailed  in  Table  39.  The  only  gross  concentration 
of  low-absorptive  alignments  indicated  was  in  Ring  4  at  320-360°, 
Figure  137. 

Based  on  the  inspections  of  the  rings,  the  locations  of  most 
uniform  material  sites  were  selected  as  follows: 


Ring  No. 

1 

2 

3 

4 

AVCO  R6300 


Most  Uniform  Material 
Centerline 


180° 

150° 

135° 

240° 


Nondestructive  testing  consisted  of  QC  inspection  of  18 
arcs  and  10  rings  and  FT  inspections  of  2  rings  selected  for  AHCA 
and  1  ring  selected  for  underground.  These  FT  rings  were  selected 
from  the  QC  rings.  The  results  of  the  inspections  are  given  in 
Table  40  and  Figures  138  through  148. 

The  AHCA  R6300  material  was  similar  to  the  AHP  material. 
Typical  material  structure  is  described  in  Figures  138  and  141. 
Fhotographs  depicting  the  material  are  given  in  Figures  138  and 
139.  Typical  structure  as  revealed  by  radiography  in  the  radial 
and  circumferential  directions  is  shown  in  Figure  140.  Photo¬ 
micrographs  at  SOX  (before  reduction)  showing  microstructure  are 
given  in  Figure  141.  The  density  for  AHP  was  about  1.33  gm/cm3; 
whereas,  for  AHCA  the  density  was  slightly  higher  ranging  from 
about  1.32  to  1.37  gm/cm3.  Ring  6  having  a  density  of  1.301  ^ 
gm/cm3  was  the  only  exception.  Also,  the  AHCA  material  had  higher 
surface  porosity  with  a  size  to  about  0.02  inch  and  more  extensive 
aligned  residual  porosity  between  the  tape  wraps  than  did  AHP 
material.  Figures  138  and  142. 


55 


^  "s-i1 . ..-  rr 
_ 


t  Some  material  anomalies  were  reir^Ti  k.»  •  i 

In  Pang  12  Arc  9,  a  tape  wraD  die^nt-?*  -f  by  visual  inspections. 

inner  surface,  Figure  143  ?Thfi  ?J'ty  Was  ^PParent  on  the 

S51S£S,« S.“JJ2“^ 

bottoie  inner  edge  was  chipped  from  uf£  xljs  anS  a  “fl  5  figure 


graphy°in  bot^the^rc^aSd^inas1"^^  ^e5e. indicated  by  radio- 
contained  lower  density  material  hv  ^ut1half  °*  Ring  U  Arc  8 
Low-absorptive  a.lig^ents  to  ab^u^i/f 1&l  XTray'  Pi^ure  146  • 

m  Ring  11  Arc  9  bv  radial  x-rav  u-  lncii  ln  Length  were  detected 

Figure  146.  Single  0.02  and  0  04  inch  dxscontinuity  by  visual), 

by  axial  x-ray  were  indicted  in  RinS  l°vZahso^e  areas  (voids) 

inch  high-absorptive  area  (inclusi nn?  '  and  ^ •  A  single  0.04 

Various  volume  oriented  low-abso™?<\,  also  indicated  in  Ring  6. 

rings  by  axial  X-ray  Al^ouah  3reaS  WGre  indica^d  in  ?he 

significant,  they  were  avoided  in  ^el^?®33 • Were  nQt  c°nsidered 

dvoiaea  m  selecting  impact  center  lines. 

_ _ 


test/S  R^gfa^nffi^'s^Stld^  s^ctea  Cor  ^erground 

most  uniform  material  sites  for  the  OC  rin?  FT  tefting*  Th* 
follows:  r  cne  ^  nngs  were  selected  as 


Ring  No, 


1 

3 

5 

6 

7 

8 

10 


Most  Uniform  Material 
Centerline 


270° 

55° 

255° 

255° 

180° 

135° 

180° 


material  site^on^ings  ^and  VarJTgiv0!!  ?es^ts  and  most  uniform 
Photomicrogranhs  in  the  axial  ”  in  Figures  147  and  148. 

FT  Rings  2  and  4  were  given  in  Figu.re°14l?  5°X  (before  Auction)  on 


AVCO  3DCC 


10  coupons?tJndfcnerings1andC??Sno^destLS*inS?eCt-0n  °f  11  disc' 

whose  selection  was  based  on  the  n£d?n*™^Ve  testln9  on  2  rings 
underground  rings  were  selected  from  !!PeCti°n’ .  In  addition,  two 
are  given  in  Ta^le  41  anf**^™  M^gT^.  ^  —ltS 
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Generally ,  this  material  was  similar  to  AHP  AVCO  3DCC  mate¬ 
rial.  Typical  material  structure  is  shown  in  Figures  149  through 
151.  Photographs  depicting  the  material  viewed  in  the  radial  and 
axial  directions  are  given  in  Figure  149.  Typical  structure  re¬ 
vealed  by  radiography  in  the  radial  and  axial  directions  is  shown 
in  Figure  150.  Photomicrographs  at  50X  (before  reduction)  showing 
microstructure  are  given  in  Figure  151.  Debonds  were  generally 
similar  to  AHP  except  for  the  1109-35  rings.  Debonds  in  this  mate¬ 
rial  were  more  severe  than  AHP,  Figure  152.  Values  of  density  and 
radial  velocity  for  the  AHP  material  were  lower,  1.61  -  1.69  gm/cm3 
and  0.180  -  0.230  in./ysec  for  AKP  compared  to  1.63  -1.75  gm/cm3 
and  0.223  -  0.267  in. /ysec  for  AHCA. 

Single  visual  anomalies  were  detected  in  Discs  1  and  11.  In 
Disc  1,  visual  inspection  revealed  that  the  inner  edge  had  been 
bumped  at  270°  resulting  in  local  material  loss.  Figure  153.  In 
Disc  11,  both  visual  and  radiographic  inspections  revealed  a  through- 
thickness  wrinkle.  Figure  153.  No  visual  anomalies  were  revealed 
in  the  coupons  and  the  1109-35  rings.  Visual  anomalies  were  detected 
in  Rings  2B  and  4B.  In  Ring  2B,  a  single  0.15  inch  x  1  ply  deep 
depressed  area  was  located  in  the  outer  surface  at  0°  and  about 
0.20  inch  from  the  bottom  edge.  Figure  154.  In  Ring  4B,  two  surface 
flaws  were  revealed.  On  the  bottom  edge  at  180°,  a  machining  error 
was  made  resulting  in  a  surface  mismatch  at  this  location.  Figure  155. 
On  the  outer  surface  at  30C°  next  to  the  bottom  edge,  a  local 
area  measuring  about  1.2  x  0.2  inch  contained  loose  and  missing 
pieces  of  axials  and  circumferential s.  Figure  156. 

The  largest  single  visual  debond  detected  in  this  group  of 
specimens  was  found  in  Ring  1A.  The  debond  had  a  length  of  about 
3-1/2  inches  and  was  located  in  the  bottom  edge  from  150°  to  210°, 
Figure  157.  Radiography  which  did  not  reveal  the  debond  indicated 
that  the  debond,  was  only  surface  oriented. 

Anomalies  were  revealed  by  radiography  in  Disc  11  and  Coupon 
5.  In  both  cases,  single  through-thickness  wrinkles  were  apparent. 

In  addition  to  determining  material  anomalies,  radiography  was  used 
for  evaluating  debonds.  In  the  discs  and  coupons,  the  major  de¬ 
bonds  were  continuous  and  were  located  about  0.10,  0.25,  0.35,  and 
0.40  inches  from  the  inner  edge  (measurements  on  X-ray  image). 

Axial  radiographs  on  Rings  1  through  11  and  1A  through  4B  indicated 
a  background  of  debonds  with  more  severe  ones  also  occuring. 

These  were  noted,  and  the  locations  of  the  most  uniform  material 
sites  were  selected  away  from  the  severest  debond  Locations. 

Sketches  showing  these  radiographic  results  are  given  in  Figures  158 
through  174.  No  material  anomalies  were  detected  in  the  rings. 

Except  for  the  large  visual  debond  located  in  the  bottom  edge.  Ring 
1A  was  considered  uniform  throughout. 
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Based  on  the  QC  inspections.  Rings  2  and  3  were  selected  for 
underground  test,  and  Rings  1  and  5  were  selected  for  AHCA  FT  test¬ 
ing.  The  FT  test  results  for  these  rings  are  depicted  in  Figures 
158  through  160  and  162.  The  radiographic  results  for  the  QC 
rings  are  given  in  Figure  161  and  Figures  163  through  174,  The 
most  uniform  material  sites  selected  were  as  follows: 


Ring  No. 


Most  Uniform  Material 
Centerline 


1109- 

1109- 

1109- 

1109- 

1109- 

1109- 

1109- 

1109- 

1109- 

1109- 

1109- 


35-1 

35-2 

35-3 

35-4 

35-5 

35-6 

35-7 

35-8 

35-9 

35-10 

35-11 

1A 

2A 

IB 

2B 

3B 

43 


230° 

315° 

320° 

315° 

20° 

270® 

315° 

220° 

155° 

315° 

270“ 

Any 

165° 

135° 

225° 

180° 

105°  and  270° 


Photomicrographs  in  the  axial  direction  on  FT  Rings  1109-35-1 
and  1109-35-5  are  given  in  Figure  151. 

SANDIA  FELT  CC 


Nondestructive  testing  consisted  of  QC  inspection  of  20 
rings  and  FT  inspection  of  2  rings  selected  from  the  QC  rings. 

Test  results  are  given  in  Table  42  and  Figures  175  through  180. 

The  Felt  CC  material  supplied  as  rings  for  this  program 
was  similar  to  the  AHP  material  which  was  supplied  as  cone  plates. 
For  AHP,  the  values  of  bulk  density  and  radial  velocity  had  ranges 
of  1.70  -  1.90  gm/cm3  and  0.112  -1.24  in. /nsec.  This  was  comparable 
to  ranges  of  1.76  -  1.85  gm/cm3  and  0.101  -  0.110  in. /nsec  for  AHCA 
with  the  velocity  values  for  AHCA  material  being  based  on  measure¬ 
ments  from  the  2  FT  rings  only.  Visually,  the  materials  were 
similar  except  that  AHCA  indicated  coarser  needling  and  no  dis¬ 
colorations  in  the  edges.  Residual  porosity  to  about  0.012  inch 
resulting  from  needling  was  background.  Typical  AHCA  material 
structure  is  described  in  Figures  175  through  177.  Photographs 
depicting  the  material  viewed  in  the  radial  and  axial  directions 
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are  given  in  Figure  175.  Typical  structure  revealed  by  radio¬ 
graphy  in  the  axial  direction  is  shown  in  Figure  176.  Photomicro¬ 
graphs  at  50X  (before  reduction)  showing  microstructure  are  given 
in  Figure  177. 

No  visual  material  anomalies  were  determined.  However/  during 
the  polishing  of  FT  Rings  2N-2  and  3N-2  for  photomicrographs/  both 
rings  received  slight  surface  scrapes  in  the  polished  edges.  The 
locations  of  these  scrapes  were  245°  -  260°  for  2N-2  and  75°  -  90° 
for  3N-2.  Neither  of  the  scrapes  were  considered  severe  enough  to 
influence  the  performance  of  the  material. 

Radiography  in  the  axial  direction  revealed  significant/  single 
circumferential  low-absorptive  alignments  in  Rings  4P-2  and  7?-2. 

In  both  cases,  the  signature  was  a  single  circumferential  crack. 

The  locations  of  these  anomalies  were  315°  -  330°  for  4P-2  and 
335°  -  345°  for  7P-2.  A  printed  radiograph  showing  the  anomaly  in 
4P-2  is  given  in  Figure  178.  The  anomaly  in  7P-2  as  radiographed 
could  not  be  printed  for  reporting. 

FT  nondestructive  characterization  was  conducted  on  Rings 
2N-2  and  3N-2.  The  results  of  these  inspections  are  depicted  in 
Figures  179  and  180.  For  Ring  2N-2  liquid  penetrants  indicated 
void  clusters  to  0.2  inch  in  size  in  the  outer  surface  at  55°, 


i  295°,  and  330° ,  Figure  179.  Also,  a  mechanical  surface  indent- 

!  ation  was  indicated  in  the  outer  surface  at  the  0°  orientation. 

,  No  anomalies  were  detected  by  liquid  penetrants  in  3N-2.  The 

:  velocity  results  were  considered  uniform  for  this  material. 

Figures  179  and  180.  Radial  ultrasonic  transmission  indicated 
no  variations  greater  than  t  ldB.  Centerlines  of  most  uniform 
'  material  sites  selected  were  225°  for  2N-2  and  270°  for  3N-2. 


Photomicrographs  in  the  axial  direction  are  given  in  Figure  177. 


MOB  EVALUATIONS  ON  FULL  TREATMENT  NDT  RINGS 


The  results  of  the  MOB  evaluations  ori  the  6FT  NDT  rings 
(two  each  of  3DCC,  Felt  CC  and  R6300)  are  shown  in  Table  43. 
Modulus  values  were  determined  from  three  different  measurements: 
(1)  deflection  measurements  from  ring  flexure,  (2)  strain  gage 
measurements  from  ring  flexure  and  (3)  strain  gage  measurements 
from  hydrostatic  compression.  The  first  two  values  represent 
average  flexure  moduli  and  the  third  an  average  compressive 
modulus.  The  flexure!  moduli  were  generally  less  than  the  com¬ 
pressive  modulus  for  the  same  ring. 
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The  flexural  moduli  for  the  3DCC  rings  1109-35-1  and  -5  were 
9.4  x  10*  psi  and  10.0  x  10*  psi  based  on  strain  gage  measurements 
and  10.6  x  AO6  and  11.1  x  10®  psi  based  on  deflection  measurements. 
The  compressive  moduli  from  the  hydrostatic  compression  evaluations 
were  13.7  x  i0*  and  14.4  x  106  for  rings  -1  and  -5.  These  com¬ 
pressive  moduli  seem  somewhat  high  when  compared  to  the  range  of 
circumferential  modulus  values  of  7.66  x  10  to  10.4  x  10f  which 
was  measured  on  compressive  specimens  of  the  AHP  project.  The 
difference  between  the  AHP  and  AHCA  data  may  be  due  to  the  differ¬ 
ences  in  specimen  configuration. 

The  flexural  moduli  for  the  Jandia  Felt  CC  rings  2N-2  and 
3N-2  were  1.22  x  10c  and  1.24  x  10*  psi  based  on  strain  gage  measure¬ 
ments  and  1.34  x  106  and  1.38  x  10*  psi  based  on  deflection 
measurements.  Hydrostatic  compression  gave  values  of  the  com¬ 
pressive  moduli  of  1.91  x  10*  and  1.73  x  106  psi.  Circumferential 
compressive  moduli  from  the  AHP  program  ranged  from  1.30  x  106  to 
1.91  x  10*  psi. 

The  flexural  moduli  for  the  P.6300  rings  2  and  4  were  1.47  x  10* 
and  1.50  x  10*  psi  based  on  strain  gage  measurements  and  1.62  x  lO* 
and  1.68  x  10*  psi  based  on  deflection  measurements.  Compressive 
moduli  from  the  hydrostatic  compression  evaluations  were  1.81  x  1C6 
and  1.62  x  10®  psi.  The  range  of  circumferential  compressive  moduli 
from  the  AHP  program  was  1.36  x  10*  to  1.57  x  10 6  psi. 
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Figure  1.  Construction  of  AVCO  3DCC 
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Altuainua  understructure  for 
structural  response 
Sylgard  182  RTV  Bond. 


Pigure  2. 


AVCO  R6300  -  Single  Phase  2D,  20-Degree  Angle  Tape 
Wrap  CP  with  A1  (6061-T6)  Backing  Plate 
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Flyura  4.  AVCO  Two  Phaae  3D  Orthogonal  Quarti-Phanolic  -  Hatarial  #15 


Figure  5  .  Cutting  Plan  for  Removing  Circumferential  Tensile 
Blanks  from  3D  Carbon-Carbon  Impacted  Arcs  8-AR-8, 
8-AR-2  nd  8-AR-5 
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Cutting  Plan  for 
Plate  12-F-V 

2  in. 

Blanks  Finished  to 
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Cutting  Plan  for  Plates 
12-F-16  and  12-F-13 


Blanks  Finished  to 
Maximum  Possible  Length 
by  0.375  inch  Diameter 


Cutting  Plan  for  Removing  Axial  Tensile  Blanks  from 
Felt  Carbon-Carbon  Impacted  Plates  12-F-V,  12-F-16 
and  12-F-13 
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Cutting  Plan  for 
Plate  12-F-l 
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Cutting  Plan  for  Plates 
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-Thermal  Conductivity 
Specimens  Built  from 
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Figure  8.  Cutting  Plan  for  Removing  Axial  Compressive  Blanks 
from  Felt  Carbon-Carbon  Impacted  plates  12-F-l, 
12-F-13,  12-F-1Q ,  and  12-F-ll 
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Figure  10.  Configuration  of  Specimen  Strip  for  3DC,C  Used  in  Radial 
Inflow  Apparatus 


0.055  in.  or  0.50  in.  Depend¬ 
ing  on  Dimension  A 


Figure  13.  Modification  to  Tensile  Specimen  for  Ultimate 

Strength  Evaluations  on  Specimens  from  30  Carbon 
Carbon  Impacted  Arcs 
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Figure  15.  Configuration  of  Circumferential  Compressive 
Specimen  Used  for  Evaluations  on  Specimens 
from  3D  Carbon-Carbon  Impacted  Arcs 
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Figure  17 »  Configuration  of  Axial  Compressive  Specimens  Used 

for  Evaluations  on  Specimens  from  Felt  Carbon-Carbon 
Impacted  Plates  12-F-ll  and  12-F-l 
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Individual  Pieces  cut  from 
2  Spare  Arc  Strips  1.6  in.  x 
0.25  in.  x  0.45  in. 


.040  in.  Dia  Hole 
(Drill  Typ  2  Places) 
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Graphite  Cement 


Specimens  Hade  Prom  8-AR-2  and  8-AR-8 


Figure  22.  Configuration  of  Thermal  Conductivity  Specimen 
Used  in  the  Comparative  Rod  Apparatus  for  3DCC 
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Individual  Pieces  Cut 


Note:  Fpecimens  made  from  12-F-10  and  12-F-15 


Figure  23.  Configuration  of  Thermal  Conductivity  Specimen 

Used  in  the  Comparative  Rod  Apparatus  for  Felt  CC 
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Figure  26.  Configuration  of  Axial 

Used  for  Evaluations  on  S 
Impacted  Arcs 


Figure  28,  Configuration  of  Axial  Tensile  Specimens  Used 
f or  Evaluations  on  Specimens  from  3D  Quartz- 
Phenolic  Impacted  Arcs 
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Figure  31.  Configuration  of  Compressive  Specimen*  Used  for  Evaluation*  on  Specimens 
from  3D  Quartx-Phenolic  Impacted  Arcs 
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Figure  32. 


Configuration  of  Axial  Tensile  Specimens  for 
Evaluations  on  Specimens  from  3D  Carbon-Phenolic 
Portion  of  3DC/QP  Impacted  Arcs 
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Center  Specimen  Between  Radials 


Figure  33.  Configuration  of  Circumferential  Tensile  Specimens 

Used  for  Evaluations  on  Specimens  from  Carbon-Phenolic 
'  Portion  of  3DC/QP  Impacted  Arcs 


u 


93 


i\^.-,44SJT?',-EE^  <.^ 


1.425  in. 


0.375 
in.  F 


375  -l 
.  R  l\ 


H  h°- 


0.600  xn 


250  in 


0.435  in 


/  Center  Specimen  on  Row  of 
Radials  Nearest  the  Blank 
Centerline 


Figure  34.  Configuration  of  Axial  Compressive  Specimen  Used  for 
Evaluation  on  Specimens  from  the  3D  Carbon-Phenolic 
Portion  of  3DC/QP  Impacted  Arcs 


Specimen  Centered 
Between  Rows  of  Radials 


Figure  35.  Configuration  of  Circumferential  Compressive  Specimen 
Used  for  Evaluations  on  Specimens  from  the  3D  Carbon- 
Phenolic  Portion  of  3DC/QP  Impacted  Arcs 
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Figure  36  .  Configuration  of  Axial  Tensile  Specimens  for  Evaluations 
on  Specimens  from  Quartz-Phenolic  Portion  of  3DC/QP 
Impacted  Arcs 
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Figure  37.  Configuration  of  Circumferential  Tensile  Specimens 

Used  for  Evaluations  on  Specimens  from  Quartz-Phenolic 
Portion  of  3DC/QP  Impacted  Arcs 
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Center  Specimen  cr.  Radials 


Figure  38.  Configuration  of  Axial  Compressive  Specimen  Used  for 
Evaluations  on  Specimens  from  the  3D  Quart--Phenolic 
Portion  of  3DC/QP  Impacted  Arcs 
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Configuration  of  Circumferential  Compressive  Specimen 
Used  for  Evaluations  on  Specimens  from  the  3D  Quartz- 
Phenolic  Portion  of  3DC/QP  Impacted  Arcs 
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Figure  40.  Definition  of  Structure-Change  Terms 


Top  View 


Bottom  View 


Figure  41.  SRI  Indexing  and  Orientations  for  Arcs  and  Coupons 
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Transmitting  Transducer 


Attenuator 


Figure  43.  Ultrasonic  Attenuation  Setup  Using  the  Pulsed 
Through-Transmission  Technique 
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.Figure  47.  Top  View  of  Strip  Specimen  Assembly  Employed  in  Radial 
Inflow  Apparatus 
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Figure  50.  Specimen  Configuration  for  Ultimate  Tensile  Strength 
Evaluation  of  Quartz-Phenolic  Specimens 
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Figure  53.  Group  Photograph  (IX)  Showing  Edges  of  Impacted  3D 
Carbon-Carbon  Arcs 
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Figure  66.  Retained  Modulus  of  Specimens  From  3D  Carbon-Carbon  Impacted  Arcs 
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Figure  68.  Thermal  Expansion  of  3DCC  in  the  Axial  Direction  After 
5.39  KT  Impact 
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C  Specimen  TE-2C  (8-AR-2-T1C  \nd_T 
Run  1;  Run  6336-27-200 
Initial  Length;  3.0021  in 
Final  Lengtht  3.0017  in 
Density:  1.672  gm/cm1 
Velocity:  .3951  in,/y  sec 
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Run  1;  Run  6336-28-122S-E 


Initial  Length:  3.0017  in. 
Final  Length:  3.0017  in 
Density:  1.672  gm/cm 


Velocity:  0.3951  i n./y  sec 
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Run  1;  Run  6336-29-131K4 
Initial  Length:  3.0018  .in. 

Final  Length:  3.0016  in. 

Density:  1.681  gm/cm1 
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Figure  69.  Thermal  Expansion  of  3DCC  in  the  Circunfcrent ial 
Direction  After  2.2  KT  Impact 
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pcclSerTtS-HC  "(S-AR-TIC  and  ' 
Run  1;  Run  633S-26-14Q 
Initial  Length:  3.0018  in. 
Final  Length:  3.0013  in. 
Density:  1.671  gm/cm5 
Velocity:  0.3966  in./p  sec. 
ER: 

Graphite  Dilatometer 
O  Specimen  lfe-4C  (8-AR-T1C  and 
Run  1;  Run  633w-30-122A-E 
Initial  Length:  3.0013  in. 
Final  Length:  3.0013  in. 
Density:  1.671  gm/cm5 
Velocity:  0.3966  in./y  sec. 
ER: 

A  Specimen  TE-5C  (8-AR-T3C  and 
Run  i,  Run  6336-31-131X4 
Initial  Length:  3.0015  In. 
Final  Length:  3.0016  in. 
Density:  1.675  gm/cm1 
Velocity:  0.3739  in./u  sec. 
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Figure  70.  Thermal  Expansion  of  3DCC  in  the  Circumferential 
Direction  After  3.36  KT  Impact 


Figure  71.  Thermal  Conductivity  of  3DCC  in  the  Radial  Direction 
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Figure  72.  Group  Photograph,  of  Most  Severely  Damaged 

Edges  of  Sandia  Felt  Carboh-Carbon  Impacted 
Plates 
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Figure  75a,  Photograph*  Showing  Visual  Structure  Change  in  Sandia  Felt  CC 
Specimen  12-F-ll,  4.14  KT 


Figure  79.  Modulus  of  Elasticity  t'or  Specimens  from  Sandia  Felt  CC 
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Direction  After  3.4*  XT 
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Edges  of  Arc  Rings  from  Material  11 
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Figure  101.  Results  of  Nondestructive  Evaluations  on  Spec  j>ens  from  the  3D 
Carbon-Phenolic  Portion,  #15A,  of  3DC/QP  Impacted  arcs 
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Figure  104.  Results  of  Non  Deetructive  Evaluations  on  Specimens  from  the  3D 
Quartr.-Phenolic  Portion  1153,  of  3DC/0P  Impacted  Arc* 
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Sketch  of  Radiographic  Results  Showing  Structure 
Change  Variations  in  AVCO  3DCC  Arc  8-AR-7,  3.045  KT 
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Figure  112*  Radiograph  in  Circumferential  Direction  of  Specimens  from 
Felt  CC  Plate  12-F-ll,  4.14  KT 
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Axial  View 


Figure  126.  Photograph  Showing  Typical  AHP  AVCO  3DC/QP 
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Aligned  Resin  Starved  Areas 
Around  Radi* Is  in  Outer 
Surface 


(2X) 

Radial  View  of  Outer  Surface 


Figure  131.  Photograph  Showing  Resin  Starved  Areas  Around 
Radials  in  Outer  Surface  of  AVCO  3DCP 


(10X) 


Circumferential  View 
of  C  Edge 

Figure  132.  Photograph  Showing  Anomaly  in  AVCO  3DCP  Arc  7 
of  Ring  #6 
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Figure  134.  Photograph  Showing  High  Porosity  in  AVCO  3DCP  Ring  *10 
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Waviness  in 
Tape  Layup 


(1.82X) 


Radial  View  of  Outer  Surface 


Figure  139.  Photograph  Showing  Occasional  Visual 

Waviness  in  Tape  Layup  on  Inner  and  Outer 
Surfaces  of  AVCO  R6300 
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Radial  Direc iion 
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Positive  Prints 


Figure  140.  Typical  AVCO  R6300  Structure  Revealed  by 
Radiography 
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Tape  Wrap 
Discontinuity 


(2X) 


Figure  143. 


Photograph  Showing  Tape  Wrap  Discontinuity 
Surface  of  A VCO  R6300  Ring  #11  of  Arc  9 


on 


Inner 
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Single  0.10  inch  Void 
on  Inner  Surface 


(2X) 


Figure  144.  Photograph  Showing  Single  0.10  inch  Void 
on  Inner  Surface  of  AVCO  R6300  Ring  #12 
Arc  14 


Radial  Direction 


Radial  Direction 


Ring  11  Arc  8 


Ring  11  Arc  9 


Positive  Prints 


Figure  146.  Radiographs  Showing  Material  Anomalies  in  AVCO 
R6300  Ring  #11  Arc  8  and  Ring  #11  Arc  9 
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Figure  149.  Photographs  Showing  Typical  AVCO  3DCC  Material 


152.  Photograph  Showing  Typical  Debonds  in  AVCO  3DCC  Rings 
#1109-35-1  through  #1109-35-11 


(10X) 


Radial  View 


Figure  154.  Photograph  Showing 


0.15  inch  X 
0.15  inch  X 
1  Ply  Deep 
Depressed  Area 
in  Outer  Surface 
Located  at 
0*  and  0.20  inch 
from  Bottom  Edge 


Area  in  AVCO  3DCC  Ring  #2B 


(2X) 


Axial  View 


Figure  155.  Photograph  Showing  Machining  Error  i 
Edge  of  AVCO  3DCC  Ring  #4B 
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of  Loose  and  Missing 
Pieces  of  Axials  and 
Circumferentials 
Located  on  Outer 
Surface  at  300* 
and  Bottom  Edge 


Radial  View 
2X 


Figure  156.  Photograph  Shoving  Missing  Axials  and  Circumferentials 
in  AVCO  3DCC  Ring  #4B 
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Debond  Near  Mid-thickness 
Located  in  Bottom  Edge 
150-210° 


Note: 


Debond  was  not 
Detected  by 
Radiography 
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Axial  View 


Figure  157.  Photograph  Showing  Large  Visual  Debond  in  A VCO  3DCC  in 
Ring  #1A 
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Figure  159.  Sketch  Showing  QC  Inspection  Results  on  AVCO  3DCC  Ring  1109-. 


Q.C.  nondestructive  testin 


Figure  161.  Sketch  Showing  QC  Inspection  Results  on  AVCO  3DCC  Ring  1109-35- 


Figure  163.  Sketch  Showing  QC  Inspection  Results  on  AVCO  3DCC  Ring  1109-35- 


Figure  163.  Sketch  Showing  QC  Inspection  Results  on  AVCO  3DCC  Ring  1309-35- 


Q.C.  nondestructive  testing  only 
Bulk  density:  1.685  gs/ce^ 
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Figure  165.  Sketch  Showing  QC  Inspection  Results  on  AVCO  3DCC  Ring  1109-35-8 


Fisur«  168.  Sketch  Showing  QC  Inspection  Results  on  AVCO  3DCC  Ring  1109-35-11 


Figure  173.  Sketch  Showing  QC  Inspection  Results  on  AVCO  3DCC  Ring  3B 
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Figure  l?9.  Sketch  Shewing  rT  inspection  Results  on  Sandia  Felt  CC  Ring  2N-2 
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BULK  MOE  ON  AKCA  FULL  TREATMENT  RINGS 


Ring  Flexure 

Hydrostatic 

Compression 

Material 

Ring  No. 

From 

Deflections 

Measurements 

From 

Strain  Gage 
Measurements 

From 

Strain  Gage 
Measurements 

3DCC 

1109-35-1 

7.9* 

9.4 

13.7 

-5 

8.2 

10.0 

14.4 

Felt  CC 

2N2 

1.34 

1.22 

1.91 

3N2 

1.38 

1.24 

1.73 

R6300 

-2 

1.62 

1.47 

1.81 

-4 

1.68 

1.50 

1.62 

Units  of  MOE  are  10s  psi 
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appendix  a 


ULTIMATE  STRENGTH ,  ELASTIC  MODULUS  AND  POISSON'S 
RATIO  TO  550O°F  IN  TENSION 


A  typical  tensile  facility  shown  in  Figures  A-l  and  A-2 
consists  of  the  gas-bearings ,  the  load  frame,  the  mechanical 
drive  system,  the  55008F  furnace,  the  optical  strain  analysers 
and  associated  instrumentation  for  measurement  of  load  and 
strain.  The  load  capacity  is  15,000  pounds. 

The  load  frame  and  mechanical  drive  system  are  similar  to  those 
of  many  good  facilities.  The  upper  crosshead  is  positioned  by  a 
small  electric  motor  connected  to  &  precision  screw  jack.  This 
crosshead  is  stationary  during  loading  and  is  moved  only  when 
assembling  the  load  train.  The  lower  crosshead  is  used  to  apply  the 
load  to  the  specimen  through  a  precision  screw  jack  chain  driven  by 
&  variable  speed  motor  and  gear  reducer. 


Nonuniaxial  loading,  and  therefore  bending  stresses,  may  be 
introduced  in  tensile  specimens  not  only  iron  (1)  misalignment  of 
the  load  train  at  the  attachment  to  the  crossheads,  but  also  from  (2) 
eccentricity  within  the  load  train,  (3)  unbalance  of  the  load  train 
and  (4)  external  forces  applied  to  the  load  train  by  such  items  as 
electrical  leads  and  clip-on  extensemetevs.  Although  the  bending 
moments?  from  some  of  these  sources  may  t-r xb  relatively  slight,  the 
resulting  stress  distortions  are  quite  significant  in  the  evaluation 
of  the  extremely  sensitive  brittle  materials.  Now  consider  each 
individually. 

To  confirm  that  the  gas-bearings  had  eliminated  nonuniaxial 
loading  at  the  point  of  attachment  of  the  load  train  to  the  cross- 
heads,  the  frictional  moment  was  determined  at  a.  load  of  5000  pounds 
by  measuring  the  torque  required  to  produce  initial  motion  within 
the  system  with  the  bearings  in  operation.  This  torque  was  found  to 
be  a  maximum  cf  6.6  x  10~s  inch-pounds.  The  equation 

Mo  *  2yP  R; 3  -  K> 3 1  (1) 

3  R 27  -  Ri*J 

was  then  applied  to  the  system  to  calculate  the  kinetic  friction 
where  Mq  was  the  resisting  moment  due  to  kinetic  friction  and  p 
represented  the  coefficient  of  kinetic  friction.  The  calculated 
value  of  p  was  then  equal  to  a  maximum  of  only  4.5  x  10" 7 , 
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The  classic  equation 

S  =  Me  <2) 

I 

was  then  employed  to  obtain  the  stress  that  could  be  induced  in  the 
specimen  due  to  this  bending  moment.  This  value  was  0.16  psi,  or 
less  than  0.002  percent  of  the  tensile  stress  produced  within  a 
typical  graphite  specimen.  These  low  values  clearly  indicate  the 
elimination  of  problems  of  bending  stress  in  the  specimen  imposed 
by  misalignment  at  the  crosshead  attachments,  either  initially  or 
during  loading. 

Emphases  in  the  design  of  the  load  train  were  placed  on  (1) 

.large  length- to-diameter  ratios  at  each  connection,  (2)  close  sliding 
fits  (less  than  0.005  inch;-  of  ail  mating  connections,  (3)  the  elim¬ 
ination  of  threaded  connections,  (4)  the  use  of  pin  connections 
wherever  possible  and  (5)  increasing  the  size  of  components  to  permit 
precise  machining  of  all  mating  surfaces.  All  members  were  machined 
true  and  concentric  to  within  0.0005  inch,  and  the  entire  load  train 
was  checked  regularly  to  ensure  overall  alignment  following  assembly 
of  the  individual  members.  This  process  ensures  concentricity  and 
no  kinks  in  the  system. 

The  problems  of  unbalance  within  the  load  train  and  of  external 
forces  applied  to  the  load  train  have  been  explored  and  corrected. 

The  entire  load  txain  is  statically  balanced  to  less  than  0.01  inch- 
pound  for  normal  operation. 

One  configuration  of  the  tensile  specimen  is  shown  in  Figure  A-3. 
This  specimen  provides  a  relatively  large  L/.D  ratio  in  the  gripping 
area  to  ensure  good  alignment.  All  surfaces  in  the  gripping  area 
are  cylindrical  in  order  to  make  precision  machining  easier  and  re¬ 
peatable  from  specimen  to  specimen.  This  specimen  also  has  double 
breakdown  radii  from  the  gripping  area  to  the  gage  section.  This 
double  breakdown  allows  a  uniform  transition  of  the  stress  pattern 
and  reduces  the  frequency  of  radius  (out  of  gage)  fractures.  This 
specimen  provides  a  uniform  gage  section  which  gives  a  definable 
volume  of  material  under  stress  and  permits  accurate  measurements 
of  strain.  The  flags  for  the  measurement  of  axial  strain  are  posi¬ 
tioned  one  inch  apart  so  that  unit  strain  is  recorded  directly.  The 
flag  attachment  for  measurement  of  lateral  strain  is  positioned 
between  the  flags  for  axial  strain  (see  Figure  A-4) . 
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A  schematic  of  the  precision  tensile  grip  is  shown  in  Figure  A-5. 
The  design  is  much  like  the  jaws  of  a  lathe  head  or  the  chuck  of  a 
drill  motor  made  with  precision.  Observe  from  the  figure  the  long 
surface  contact  of  the  mating  parts  and  the  close  fits  to  establish 
precise  alignment  with  the  specimen.  As  the  load  is  applied,  the 
wedges  maintain  alignment  to  fracture. 

Figure  A-6  is  a  sketch  of  the  5500°F  furnace  used  for  tension 
showing  the  basic  components.  The  furnace  consists  of  a  resistively 
heated  graphite  element  insulated  from  a  water-cooled  shell  by  therm- 
a  '■'mic  carbon.  The  furnace  and  specimen  are  purged  with  helium  to 
provide  an  inert  atmosphere.  Ports  with  visual  openings  are  provided 
on  opposite  sides  of  the  furnace  as  a  means  of  allowing  the  strain 
analyzers  to  view  the  gage  flags  on  the  specimen.  Specimen  temper¬ 
atures  are  determined  by  optical  pyrometer  readings  taken  through 
another  small  sight  port  containing  a  sapphire  window.  A  calibration 
curve  was  established  for  the  loss  through  the  sapphire  window,  and 
since  the  furnace  cavity  acts  essentially  as  a  blackbody,  true  tem¬ 
perature  readings  are  obtained.  Power  is  supplied  to  the  heating 
element  by  means  of  a  25  KVA  variable  transformer. 

Strain  measurement  consists  of  measuring  optically  the  elonga¬ 
tion  between  two  flags,  or  targets,  which  are  mounted  on  the  specimen 
and  separated  initially  by  a  predetermined  gage  length,  The  travel 
of  the  targets  is  measured  by  sensing  the  displacemnt  of  the  image 
of  the  edge  of  the  targets  and  then  electromechanically  following 
the  image  displacement.  The  relative  travel  of  the  two  targets 
provides  the  strain.  Readout  is  continuous  and  automatic  on  a 
millivolt  recorder.  A  schematic  of  the  analyzer  is  shown  in  Figure  A-7. 

A  brief  summary  of  the  mechanical  motions  of  the  components 
involved  in  monitoring  the  strain  is  helpful  in  understanding  the 
detailed  performance.  A  tracking  telescope  follows  the  upper  target 
and  carries  a  second  telescope  mounted  on  its  carriage.  The  second 
telescope  is  capable  of  independent  motion  to  follow  the  lower  target. 
The  relative  displacement  between  the  upper  and  lower  telescope,  as 
strain  occurs,  defines  the  strain.  The  system  usually  is  operated 
so  that  the  tracking  telescope  follows  the  upper  target  and  the  strain 
is  monitored  by  the  relative  displacement  of  the  aperture  rather  than 
the  telescope  following  the  lower  target.  With  this  procedure  the 
maximum  range  is  the  maximum  displacement  available  for  the  lower 
aperture,  of  about  1/8  inch,  and  the  sensitivity  is  limited  by  the 
optics  and  the  noise  level  of  the  detector.  Using  both  telescopes, 
the  range  is  about  3/4  inch. 
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To  provide  optical  references  on  the  specimens .  targets  are  - y 

affixed  to  the  test,  specimen  as  mentioned.  When  the  specimen  is  KJ 

heated  to  temperature,  the  targets  are  self-luminous  and  are  observed 
optically.  The  optics  view  past  the  luminous  targets  into  a  cooled 
cavity  in  the  opposite  furnace  wall.  The  self-luminous  targets  are 
then  visible  against  a  dark  background.  To  obtain  data  below  200C°F, 
a  light  beam  is  directed  from  behind  the  flags  providing  a  shadow 
image  for  the  detection  system. 

The  image  of  the  flowing  target  is  focused  through  a  rotating 
shutter  (chopper)  and  onto  a  rectangular  aperture.  Small  slits  in 
the  aperture  pass  a  portion  of  the  upper  and  lower  edges  of  the  light 
beam.  A  photocell  receives  the  light  thus  transmitted,  and  an 
electronic  circuit  detects  whether  the  energy  passed  by  the  two  slits 
is  equal.  A  servo  drives  the  apertures  to  let  a  balanced  quantity 
of  light  pass  through  the  two  slits  and  thus  maintains  an  optical 
null. 

To  obtain  lateral  strain,  a  strain  analyzer  is  supported 
horizontally  on  the  tensile  frame  to  view  the  diametrical  or  lateral 
strain  of  the  specimen.  A  flag  attachment,  with  the  general  con¬ 
figuration  as  shown  in  Figure  A-8,  was  developed  to  follow  and  transmit 
lateral  motions  of  up  to  a  few  mils.  The  three-piece  assembly  con¬ 
sists  of  a  ring  and  two  rams  bearing  on  the  specimen. 

Calibrations  of  the  analyzers  are  performed  in  various  ways 
including  absolute  correlations  to  precision  micrometers,  strain 
gage  extensometers ,  and  direct  plots  of  stress-strain  for  reference 
materials  such  as  steel,  plexiglas,  magnesium  and  aluminum.  Precis¬ 
ion  is  within  ±0.000020  inch. 

Instrumentation  includes  primarily  a  stress-strain  measurement 
system  composed  of  a  1000-pound  SR-4  Baldwin  load  cell,  constant 
d.c.  voltage  power  supply,  two  optical  strain  analyzers,  and  two 
X-Y  recorders.  Specimen  temperature  is  monitored  with  an  optical 
pyrometer.  Stress  (load)  is  measured  by  a  commercial  load  cell.  The 
cell  receives  a  constant  d.c.  voltage  input  from- the  power  supply  and 
transmits  a  millivolt  signal  (directly  proportional  to  load)  to  an 
X-Y  recorder.  Simultaneously,  the  optical  strain  analyzers  measure 
both  the  axial  and  lateral  strain  and  transmit  a  millivolt  signal 
(proportional  to  strain)  to  the  X-Y  recorders.  Thus,  continuous 
plots  of  stress-axial  strain  and  axial  strain- lateral  strain  are 
recorded  simultaneously. 
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Figure  A- 3.  Tensile  Specimen  Configuration 


Figure  A-4.  Location  of  the  Flag  Attachments  on  the 
Tensile  Specimens 
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.  General  Configuration  of  the  Flag  Attachment 
to  Monitor  Lateral  Strain  in  Tension 
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APPENDIX  B 


ULTIMATE  STRENGTH,  ELASTIC  MODULUS,  AND  POISSON'S 
PATIO  TO  5500°r  IN  COMPRESSION 


The  compressive  apparatus  shown  in  Figures  B-l  and  B-2  consists 
primarily  of  a  load  frame,  gas  bearings,  load  train,  50-ton  screw 
jack,  variable  speed  mechanical  drive  system,  strain  analyzers, 

5500°F  furnace,  and  associated  instrumentation  for  the  measurement 
of  load  and  train. 

The  load  frame  is  similar  to  most  standard  frames.  It  was 
designed  to  carry  a  maximum  load  of  100,000  pounds  and  to  support 
the  furnace,  optical  strain  analyzers  and  other  related  equipment. 

Gas  bearings  are  installed  at  each  end  of  the  load  train  to 
permit  precise  alignment  of  the  loading  train  to  the  specimen.  The 
upper  bearing  is  spherical  on  a  radius  of  6.5  inches.  This  radius 
is  the  distance  from  the  top  of  the  specimen  to  the  spherical  bearing 
surface.  The  load  train,  not  the  specimen,  shifts  to  maintain 
radial  alignment.  The  lower  bearing  is  flat  and  is  about  6  inches 
in  diameter.  The  lower  bearing  permits  transverse  alignment  of  the 
load  train.  The  gas  bearings  are  floated  for  only  a  small  initial 
amount  of  load  so  that  precise  alignment  of  the  load  train  can  be 
attained. 

The  load  train  near  the  furnace  consists  of  the  specimen  loaded 
on  each  side  by  graphite  and  water-cooled  steel  push  rods.  The 
graphite  push  rods  are  counter-bored  to  permit  insertion  of  a  pyrolytic 
graphite  disc  which  serves  as  a  heat  dam  and  to  align  the  specimen  to 
the  center-line  of  the  load  train.  Extreme  care  is  exercised  in  the 
preparation  of  all  parts  of  the  load  train  to  ensure  concentricity 
of  the  mating  parts  to  less  than  0.0005  inch. 

The  50-ton  jack  is  a  power  screw  type.  The  mechanical  drive 
system  consists  of  a  gear  reducer  driven  by  a  Louis  Allis  Synchrc- 
Spede  Unit  (300-3000  rpen) .  The  gear  reducer  is  connected  to  the 
Synchro-Spede  Unit  through  a  chain  coupling  and  to  the  50-ton 
jack  by  a  single  roller  chain  and  sprocket  system.  Different  load 
rates  are  obtained  by  adjustment  of  the  variable  speed  setting  on 
the  Synchro-Spede  and  by  changeout  of  sprockets  on  the  gear  reducer 
and  screw  jack. 


Figure  B-4  shows  details  of  the  "dumbbell'’  specimen  which  maintains 
a  O.jOO  inch  diameter  over  the  1.2  inch  long  gage  section.  The 
specimen  provides  sufficient  room  for  the  flag  attachments  that  follow 
the  axial  and  lateral  strains  and  also  minimizes  the  influence 
of  end  restraint. 

The  flag  attachments  for  the  measurement  of  axial  strain  are 
positioned  one  inch  apart  so  that  unit  strain  is  recorded  directly. 

The  flag  attachment  for  the  measurement  of  lateral  strain  is  positioned 
between  the  flags  for  axial  strain;  see  Figure  B-4.  The  lateral  flag 
attachment  used  in  compression  is  shown  in  Figure  B-5.  The  4-piece 
assembly  consists  of  a  ring,  two  rams  bearing  on  the  specimen,  and 
a  screw  to  adjust  the  contact  pressure.  The  ring  was  designed  to 
track  lateral  motions  as  great  as  0.030  inch  without  breaking. 

Figure  B-6  is  a  sketch  of  the  5500°F  furnace  used  for  compression 
showing  the  basic  components.  The  furnace  consists  of  a  resistivity 
heated  graphite  element  insulated  from  a  water-cooled  shell  by 
thermatomic  carton.  The  furnace  and  specimen  are  purged  with  helium 
to  provide  an  inert  atmosphere.  Ports  with  visual  openings  are 
provided  on  opposite  sides  of  the  furnace  as  a  means  of  allowing  the 
strain  analyzers  to  view  the  gage  flags  on  the  specimen.  Specimen 
temperatures  are  determined  by  optical  pyrometer  readings  taken  through 
another  small  sight  port  containing  a  sapphire  window.  A  calibra¬ 
tion  curve  was  established  for  the  loss  through  the  sapphire  window, 
and  since  the  furnace  cavity  acts  essentially  as  a  blackbody,  true 
temperature  readings  are  obtained.  Power  is  supplied  to  the  heating 
element  by  means  of  a  25  KVA  variable  transformer. 

Strain  measurement  consists  of  measuring  optically  the  elonga¬ 
tion  between  two  flags,  or  targets,  which  are  mounted  on  the  specimen 
and  separated  initially  by  a  predetermined  gage  length.  The  travel 
of  the  targets  is  measured  by  sensing  the  displacement  of  the  image 
of  the  edge  of  the  targets  and  then  electrouechanically  following 
the  image  displacement.  The  relative  travel  of  the  two  targets 
provides  the  strain.  Readout  is  continuous  and  automatic  on  a 
millivolt  recorder.  A  schematic  of  the  analyzer  is  shown  in  Figure  b-7. 

A  brief  summary  of  the  mechanical  motions  of  the  components 
involved  in  monitoring  the  strain  is  helpful  in  understanding  the 
detailed  performance.  A  tracking  telescope  follows  the  upper 
target  and  carries  a  second  telescope  mounted  on  its  carriage. 

The  second  telescope  is  capable  of  independent  motion  to  follow 
the  lower  target.  The  relative  displacement  between  the  upper  and 
lower  telescope,  as  strain  occurs,  defines  the  strain.  The  system 
jsually  is  operated  so  that  the  tracking  telescope  follows  the 
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upper  target  and  the  strain  is  monitored  by  tho  relative  displacement 
of  the  aperture  rather  than  the  telescope  following  the  lower  target. 
With  this  procedure  the  maximum  range  is  the  maximum  displacement 
available  for  the  lower  aperture,  or  about  1/8  inch,  and  the  sensi¬ 
tivity  is  limited  by  the  optics  and  the  noise  level  of  the  detector. 
Using  both  telescopes,  the  range  is  about  3/4  inch. 

To  provide  optical  references  on  the  specimens,  targets  are 
affixed  to  the  test  specimen  as  mentioned.  When  the  specimen  is 
heated  to  temperature,  the  targets  are  self-luminous  and  are  observed 
optically.  The  optics  view  past  the  luminous  targets  into  a  cooled 
cavity  in  the  opposite  furnace  wall.  The  self-luminous  targets 
are  then  visible  against  a  dark  background.  To  obtain  data  at  below 
2000°f,  a  light  beam  is  directed  from  behind  the  flags  providing 
a  sr.adcw  image  for  the  detection  system.  , 

The  image  of  the  glowing  target  is  focused  through  a  rotating 
shutter  (chopper)  and  onto  a  rectangular  aperture.  Small  slits  in 
the  aperture  pass  a  portion  of  the  upper  and  lower  edges  of  the  light 
beam.  A  photocell  receives  the  light  thus  transmitted,  and  an  elec¬ 
tronic  circuit  detects  whether  the  energy  passed  by  the  two  slits  is 
equal.  A  servo  drives  the  apertures  to  ltr.  a  balanced  quantity  of 
light  pass  through  the  two  slits  and  thus  maintains  an  optical  null. 

To  obtain  lateral  strain,  a  strain  analyzer  is  supported  hori¬ 
zontally  on  the  load  frame  to  view  the  diametrical  or  lateral  strain 
of  the  specimen. 

Calibrations  of  the  analyzers  are  performed  in  various  ways  in¬ 
cluding  absolute  correlations  to  precision  micrometers,  strain  gage 
extensometers,  and  direct  plots  of  stress-strain  for  reference  materials 
such  as  steel,  plexlglas,  magnesium,  and  aluminum.  Precision  is 
±0.000020  inch. 

Instrumentation  includes  primarily  a  stress-strain  measurement 
system  composed  of  a  20,000-pound  SR-4  Baldwin  load  cell,  constant 
d.c.  voltage  power  supply,  Hwo  optical  strain  analyzers,  and  two 
X-Y  recorders.  Specimen  temperature  is  monitored  with  an  optical 
pyrometer.  Stress  (load)  is  measured  by  a  commercial  load  cell. 

The  cell  receives  a  constant  d.c.  voltage  input  from  the  power  supply 
and  transmits  a  millivolt  signal  (directly  proportional  to  load) 
to  an  X-Y  recorder.  Simultaneously,  the  optical  strain  analyzers 
measure  both  the  axial  and  lateral  strain  and  transmit  a  millivolt: 
signal  (proportional  to  strain)  to  the  X-Y  recorders.  Thus, 
continuous  plots  of  stress-axial  strain  and  axial  strain-lateral 
strain  are  recorded  simultaneously. 
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Figure  B-2.  Schematic  Arrangement  of  Gas-Bearing 
Universals,  Specimen  and  Load  Train 


Figure  B- 


.  Compressive  Specimen  Configuration 
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APPENDIX  C 


THERMAL  EXPANSION  TO  1800°F 

Thermal  expansion  measurements  are  made  utilizing  quartz  tube 
dilatometers  of  the  Bureau  of  Standards  design.  The  dial  gages 
(B.  C.  ^mes  Co.,  Model  212,  Shockless}  are  graduated  in  0.0001-inch 
divisions  with  a  total  range  of  0.500  inch.  The  manufacturer's 
stated  mechanical  accuracy  for  any  given  reading  is  i_0.0001  inch  at 
any  point  in  the  range.  This  accuracy  has  been  checked  with  a 
precision  micrometer. 

The  extensions  from  the  dial,  which  are  made  o.*  stainless  steel, 
arc  finned  to  facilitate  cooling.  The  temperatures  of  the  fins  are 
continually  monitored  and  air  cooled  when  necessary  to  eliminate 
di f forential  expansion  between  the  dial  gage  mount  and  the  exten- 
i on  (see  Figure  C-l) . 

For  temperatures  above  room  temperature,  each  dilatometer  is 
heated  by  an  individual  heater.  The  temperature  of  the  heater  is 
maintained  by  a  manual  setting  of  a  variable  voltage  transformer. 

Cold  specimen  temperatures  are  obtained  by  use  of  a  Dewar  flask 
filled  with  dry  ice  and  trichloroethylene.  The  flask  surrounds  the 
dilatometer  tubes  and  the  cold  liquid  level  rises  to  a  height  above 
the  specimens. 

Liquid  nitrogen  is  used  in  the  Dewar  flask  for  temperatures 
down  to  -300°F.  A  cooling  coil  has  also  been  designed  to  provide 
better  control  of  temperatures  in  the  cryogenic  range. 

Thermocouples  are  placed  at  each  end  and  the  center  of  the 
specimens  to  monitor  the  temperature  throughout.  The  specimens 
are  nominally  1/2-inch  diameter  by  3  inches  in  length  with  the 
ends  rounded  on  a  3-inch  radius.  Other  diameters  and  cross-sec¬ 
tional  configurations  are  employed  where  necessary  due  to  configur¬ 
ation  of  supplied  material. 

To  calibrate  the  dilatometers  we  employ  a  fused  silica  speci¬ 
men,  the  expansion  of  which  is  known  and  is  shown  in  Figure  C-2. 

The  accuracy  ,>f  the  apparatus  to  1800°F  has  been  checked  by 
running  the  N3S  copper  standard  and  other  in-house  standards  of 
graphite  and  nickel.  Figures  C-3,  C-4 ,  and  C-5  include  the  expansion 
values  measured  in  the  quartz  dilatometers  on  these  standards. 

Note  the  excellent  agreement  between  the  measured  values  and  the 
data  reported  by  NBS  on  the  copper.  For  the  graphite  and  nickel 
standards,  good  agreement  was  observed  between  the  values  measured 
in  the  quartz  dilatometer  and  that  reported  in  the  literature  and 
the  values  measured  at  SRI  by  optically  tracking. 

above  data  and  our  experience  have  demonstrated  the  ex¬ 
cellent  precision  and  accuracy  of  this  equipment.  We  have  observed 
no  systematic  uncertainty  with  the  equipment  and,  based  on  5  runs 
wit  It  tin:  graphite  standard,  the  random  uncertainty  is  +0.05  x  10-3 
i:i./in.  at  1500°F  v/ith  a  95  percent  confidence  interval. 
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Figure  c-4.  Expansion  of  "A"  Nickel  (Calibration  Standard  Specimen) 


APPENDIX  D 


THERMAL  EXPANSION  TO  5500 *F 


Thermal  expansion  is  measured  in  a  graphite  tube  dilatometer 
developed  by  Southern  Research  Institute  for  performance  to  5500°F, 
see  Figure  D-l .  The  specimen  required  is  about  1/2  inch  diameter  and 
3  inches  long,  although  the  exact  size  can  vary  somewhat  if  it  appears 
desirable  from  the  standpoint  of  specimen  availability.  Specimens 
3/4  inch  in  diameter  and  only  1/4  inch  thick  can  be  evaluated,  but 
with  a  reduced  precision.  Discs  can  be  stacked  to  provide  more  length 
in  many  cases.  Of  course,  specimens  can  always  be  pinned  together 
from  smaller  pieces  to  provide  both  length  and  columnar  strength. 

In  the  dilatometer,  the  specimen  rests  on  the  bottom  of  the 
cylinder  with  a  graphite  extension  rod  resting  on  the  specimen  to 
extend  to  the  top  of  the  cylinder.  When  required,  tungsten  pads 
are  inserted  at  me  ends  of  the  specimens  to  eliminate  graphite 
diffusion  from  the  dilatometer  parts  into  the  specimen.  This 
entire  assembly  is  inserted  into  one  of  the  5000 °F  furnaces 
described  in  another  brochure. 

The  motion  of  the  specimen  is  measured  by  a  dial  gage  attached 
to  the  upper  end  of  the  cylinder  with  the  stylus  bearing  on  the 
extension  rod.  The  system  accurately  indicates  total  motions  of 
0.0001  inch  or  less  than  0.00004  per  inch  cf  specimen. 

Either  a  helium  or  an  argon  environment  can  be  employed.  Nitro¬ 
gen  has  been  used  on  occasion.  The  equipment  will  permit  operation 
at  hard  vacuums,  but  this  procedure  is  rarely  used. 

A  CS  graphite,  which  has  a  fairly  low  expansion  relative  to 
other  grades  of  graphite,  is  used  as  the  material  for  the  dilatometer. 
Prior  to  calibrations,  the  dilatometers  are  heat  soaked  to  a 
temperature  several  hundred  degrees  above  the  maximum  temperature 
to  which  they  would  be  exposed  during  normal  service.  Dimensional 
stability  is  confirmed  by  measuring  the  lengths  of  the  dilatometer 
tube  and  rod  after  each  run.  Past  experience  has  shown  that 
following  the  initial  heat  soak  the  expansion  is  reproducible  in 
subsequent  repeated  cycles  to  lower  temperatures.  Reproducibility 
is  also  confirmed  by  repeated  runs  on  standards. 

To  calibrate  the  dilatometers  we  have  developed  in-house  primary 
and  secondary  standards  of  ATJ  graphite.  ATJ  graphite  was  selected 
as  a  standard  because  of  our  vast  experience  with  it,  its  stability 
after  repeated  exposure  to  high  temperatures,  and  its  relatively 
low  expansion. 


The  true  expansion  of  the  primary  standard  was  determined  by  a 
direct  optical  technique  using  a  traveling  Gaertner  telescope.  The 
total  error  in  the  telescope  readings,  based  on  calibration  data, 
was  estimated  to  be  0.2  x  10“ 3  in. /in.  For  the  direct  optical 
measurements,  the  3.5  inch  long  specimen  was  heated  in  a  graphite 
furnace,  and  the  expansion  was  determined  by  sighting  on  "knife" 
edges  machined  on  the  ends  of  the  specimen.  Typically  a  total  of 
11  runs  have  been  made  in  two  different  furnaces  both  in  vacuum 
and  helium  environments.  The  two  environments  are  used  to  check 
effects  of  refraction  as  reported  in  the  literature.  The  same 
standard  was  then  machined  to  the  configuration  of  a  regular 
di la tome ter  specimen  and  several  runs  were  made  in  our  precision 
quartz  dilatometers .  The  optical  expansion  data  were  fitted  to 
a  quadratic  equation  over  the  temperature  range  from  2500 °F  to 
5000 °F  using  the  method  of  least  squares  and  statistically  analyzed 
to  determine  the  uncertainty  (primarily  the  scatter) .  Below  2500 °F, 
the  quartz  dilatometer  data  were  fitted  by  hand  since  the  uncertainty 
of  this  apparatus  has  been  well  established,  and  the  imprecision  ia 
small  (<0 . 1  x  10~3  in. /in.).  A  typical  plot  of  all  data  points 
with  the  curve  fit  is  shown  in  Figure  D~2. 


A  check  of  the  expansion  of  the  standard  was  obtained  by 
making  runs  on  round  robin  specimens  of  various  graphites  and 
synthetic  sapphire  which  had  been  previously  evaluated  by  others, 
including  the  National  Bureau  of  Standards.  Our  data  on  these 
specimens  agreed  within  a  2.5  percent  random  difference  with  the 
data  reported  by  the  other  laboratories. 

After  establishing  the  expansion  of  the  ATJ  standard,  several 
graphite  dilatometers  were  then  calibrated  by  making  runs  on  this 
standard.  These  dilatometers  were  used  to  establish  the  expansion 
of  secondary  standards  (also  ATJ  graphite)  which  are  used  to 
calibrate  new  dilatometers  and  to  make  periodic  checks  on  dilatometers 
currently  in  service.  This  use  of  secondary  standards  thus 
minimizes  the  wear  and  tear  on  the  primary  standard  and  prolongs 
it?  life. 


Table  1  list3  the  uncertainties  in  the  dilatometer  measurements 
in  10"’  in. /in.  Observe  that  most  of  the  uncertainty  is  in  the 
expansion  of  the  standard  and  includes  both  random  and  systematic 
uncertainties,  other  sources  of  uncertainty,  resulting  from  such 
factors  as  dial  gage  and  temperature  measurement,  are  small  amounting 
to  less  than  0.2  x  10“ 3  in, /in.  at  any  temperature.  The  precision 
in  the  dilatometer  measurements  is  quite  good  and  amounts  to  about 
0.1  x  10" 3  in. /in.  From  Table  1,  it  can  be  seen  that  the  maximum 
total  uncertainty,  which  occurs  at  a  temperature  of  4500 ®F,  is 
±0.45  x  10"J  in. /in.  For  a  low  expansion  graphite,  such  as  ATJ, 
this  amounts  to  an  uncertainty  of  t4.5  percent  at  4500°F  (see 
Figure  J-2) .  For  graphites  having  higher  expansions,  the  percentage 
uncertainty  would  be  lower. 
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Table  D~1 


Uncertainty  in  Thermal  Expansion  Measurements 
Made  in  Graphite  Dilatometers 


Notes : 


1. 

2. 


95%  confidence  limits. 


Represents  deviation  between  average  measured 
value  and  least  squares  curve  through  all  data. 
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APPENDIX  E 


THERMAL  CONDUCTIVITY  TO  1000°F 


Apparatus  and  Procedure 

Thermal  conductivity  runs  can  be  made  with  any  of  the 
three  guarded  hot  plate  apparatuses  which  are  slightly  modi¬ 
fied  from  the  standard  ASTM  C177-45  design.  All  t.h’-ee  are 
identical  in  operating  procedure  and  design  except  in  size 
and  are  classified  as  either  the  14-inch,  7-inch,  or  3-inch 
apparatus  depending  on  the  diameter  of  the  specimen  used. 

Actually  the  diameters  for  the  7 -inch  and  3 -inch  apparatuses 
are  7-3/8  inches  and  3-1/4  inches,  respectively.  Specimen 
thicknesses  are  from  from  I/O  inch  to  3  inches  and  duplicate 
specimens  are  required  per  run.  Figure  E-l  is  a  schematic  of 
a  typical  assembly  used  for  all  three  apparatuses. 

The  apparatus  consists  of  a  central  heater  plate  sur¬ 
rounded  by  a  guard  heater,  each  separately  controlled.  The 
guard  ring  is  maintained  at  the  same  temperature  as  the 
central  heater  so  that  all  of  the  heat  flow  is  normal  to  the 
specimen  surfaces.  The  temperature  differences  between  the 
guard  and  central  sections  are  measured  by  means  of  differential- 
thermocouple  junctions  connected  in  series.  The  14 -inch  and 
7 -inch  apparatuses  contain  eight  differential  junctions,  whereas 
the  3 -inch  apparatus  contains  four.  The  heater  plate  is  sand¬ 
wiched  between  layers  of  filler  material,  the  hot-face  thermo¬ 
couples,  the  specimen,  cold-face  thermocouples,  filler  material, 
a  copper  plate,  and  finally  a  cold  source  to  dissipate  the  heat. 
The  cold  source  consists  of  a  copper  coil  enclosed  in  an  alumi¬ 
num  box  on  the  14 -inch  apparatus,  a  copper  coil  soldered  to  a 
copper  plate  on  the  7 -inch  apparatus,  and  a  spiral  baffled 
copper  container  on  the  3 -inch  apparatus.  In  addition  to  the 
thermocouples  in  contact  with  the  specimen,  thermocouples  are 
located  in  the  central  heater  and  the  outer  copper  cold  plates. 

To  provide  intimate  contact  at  all  interfaces,  the  entire 
sandwich  assembly  is  pressed  firmly  together  by  spring  loading 
with  the  total  load  application  desired,  which  is  usually  600 
pounds . 

Normally  for  the  determinations  between  -50°F  to  150°F, 
a  filler  material  of  gum  rubber  is  used.  From  150°F  to 
1000°F  Fioerfrax  paper  is  used  as  a  filler.  The  overlapping 
data  at  150°F  provides  a  check  on  any  possible  uncertainty 
due  to  poor  intimate  contact  resulting  from  either  specimen 
or  filler  surface  irregularities.  If  the  data  agree  within 
approximately  5  percent,  the  run  is  continued;  however,  if 
the  agreement  is  not  within  5  percent,  the  thermocouples  are 
replaced,  the  specimen  is  removed,  surfaces  are  resanded,  and 
the  run  is  repeated. 
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The  thermocouples  used  on  the  hot  and  cold  side  of  the  spec¬ 
imen  are  made  from  0.005-inch  diameter  chrome 1 -a lumel  wire 
electrically  insulated  with  0.003-inch  Teflon  tape.  The  junction 
is  made  by  soldering  the  wires  to  a  small  square  of  0.002-inch 
thick  brass  shim  stock  called  a  "getter" .  The  Teflon  insulated 
leads  are  sandwiched  between  the  specimen  and  filler  material  to 
ensure  isothermal  conditions  along  the  length  of  the  wire.  This 
arrangement  ensures  that  there  is  no  air  film  between  the  specimen 
and  the  thermocouples  and  that  good  intimate  contact  exists  at  all 
interfaces. 


Single  thermocouples  in  the  center  of  the  heater  plate  and 
cold  plate  monitor  the  temperatures  of  the  heater  and  cold  plates 
in  order  to  obtain  the  overall  temperature  drop  through  the 
assembly. 


The  assembly  is  arranged  to  operate,  with  the  specimen  placed 
in  the  apparatus  horizontally  as  shown  in  Figure  E-l.  The  specimen 
required  are  flat  panels  sized  to  fit  the  apparatus.  The  assembly 
is  insulated  around  the  edges  by  either  Fiberfrax  or  glass  wool 
batt. 


A  constant  voltage  transformer  is  used  in  conjunction  with 
variable  voltage  transformers  to  ensure  a  constant  power  supply 
at  each  setting.  The  central  heater  and  guard  heater  are  control¬ 
led  individually  by  the  variable  voltage  transformers.  The  voltage 
and  current  to  the  central  heater  are  monitored  by  means  of  a 
voltmeter  and  an  ammeter  which  are  switched  out  of  the  circuit 
except  when  actually  being  read.  The  voltage  to  the  guard  heater 
is  monitored  constantly  by  a  voltmeter. 


All  of  the  thermocouple  readings  are  taken  on  a  Leeds  and 
Northrup  K-3  potentiometer  in  conjunction  with  a  galvanometer 
of  0.43  microvolts  per  mm  deflection  sensitivity. 


To  obtain  mean  sample  temperatures  above  room  temperature, 
water  is  circulated  through  the  cooling  section.  For  mean  sample 
temperatures  below  room  tempera tiire ,  cold  trichloroethylene  is 
pumped  through  the  cooling  section.  This  coolant  is  chilled  by 
circulating  it  through  copper  coils  in  a  trichloroethylene  dry-ice 
bath.  Equilibrium  conditions  are  certified  before  readings  are 
taken . 


Coefficients  of  thermal  conductivity  are  calculated  from  the 
expression : 


Qis 

AAt 
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G  =  total  heat  flow  -  Btu/hr  i  J 

Is  =  average  thickness  of  specimens  -  inches 

A  =  area  of  central  heater  section  -  square  feet 
At  =  sum  of  temperature  drop  across  each  sample  -  °F 

Theoretically,  Q,  the  heat  input,  should  split,  with  exactly  half 
of  the  input  flowing  through  each  sample.  The  temperature  drops 
indicate  that  this  condition  rarely  exists.  Instead,  there  is  a 
slight  unbalance  in  the  heat  flow.  The  above  formula  then  permits 
a  calculation  of  the  arithmetic  average  for  the  two  panels.  In 
this  calculation  the  temperatures  are  measured  directly  at  the  faces 
of  the  specimen  by  the  "getters,"  resulting  in  a  "direct"  method. 

As  a  check,  the  thermal  conductivity  is  calculated  for  the  specimen 
with  a  "series-resistance"  or  "composite"  expression.  This  method 
utilizes  the  same  run  data,  except  that  the  temperature  difference 
between  the  heater  plate  and  the  cold  plate  is  utilized  and,  since 
the  resistance  of  the  filler  is  measured  separately  in  the  same 
apparatus,  the  following  series-resistance  equation  can  be  used  to 
determine  the  thermal  conductivity  of  the  specimen: 

ks  =  - h -  (2) 

UtAt)  -  (IfAf) 


ls  =  thickness  of  the  specimen  -  inches 

ks  =  thermal  conductivity  of  the  specimen  -  Btu  in. /hr  ft2oF 

(l.r/kT)  *  thermal  resistance  of  the  total  composite  of  filler  and 
specimen,  calculated  from  the  temperature  difference 
between  the  hot  and  cold  plate 

UpAp)  -  thermal  resistance  of  the  filler  alone,  determined 
under  the  same  conditions  that  exist  for  (1tAt) 

The  (lp/kF)  term  for  the  gum  rubber  filler  is  determined  both 
with  and  without  copper  plates  inserted  between  the  rubber  pads  to 
simulate  interface  resistance  that  is  present  during  the  evaluation 
of  the  specimen. 
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Improvement  and  Calibrations  on  the  ASTM  Cl 77-5  Technique 

The  ASTM  C177-45  guarded  hot  plate  apparatus  is  only  recommended 
for  determining  values  below  5  Btu  in. /hr  ftZoF.  Due  to  the  higher 
conductivities  of  many  of  the  new  reinforced  plastics  such  as  the 
phenolic  graphites  and  carbons ,  considerable  work  was  necessary 
before  the  above  procedures  were  incorporated,  which  provides  accurate 
data  between  5  and  10  Btu  in. /hr  ft*°F.  The  following  is  a  resume 
of  the  work  and  analysis  performed  which  extended  the  range  to 
10  Btu  in. /hr  ft2oF. 

It  was  decided  at  the  beginning  of  the  investigation  that  data 
from  -50°F  to  150°F  would  be  determined  using  a  filler  of  gum  rubber 
and  determining  the  conductivity  of  the  speciroen  by  both  "direct" 
measurement  of  the  temperature  drop  across  the  specimen  and  a  "series- 
resistance"  or  "composite"  method,  as  explained.  From  150CF  to  the 
maximum  temperature,  the  data  would  be  obtained  by  using  an  asbestos 
filler  and  determining  the  conductivity  by  a  "direct"  calculation 
from  the  measured  face  temperatures  of  the  specimen.  Both  methods 
were  used  at  the  150 °F  to  determine  if  any  uncertainty  existed  due 
tc  poor  intimate  contact  resulting  from  either  specimen  or  filler 
surface  irregularities. 

Considerable  deviation  of  approximately  20  percent  to  30  percent 
occurred  between  the  values  obtained  for  the  "composite"  method  and 
the  "direct"  method  for  the  higher  conductivity  materials.  The 
evaluations  with  Plexiglas  and  Pyrex  at  that  time  indicated  the 
following  (see  Table  1) : 

1.  The  "composite"  method,  when  calibrated  with  pyrex  and 
Plexiglas,  exhibited  somewhat  hiah  values  of  8  Btu  in. /hr 
ft2 °F  at  150°F  and  -U,23  Btu  in. /hr  ft2°F  at  150°F, 
respectively.  The  major  difficulty  was  the  great  scatter 
between  different  data, 

2.  The  "direct"  method,  when  calibrated  with  pyrex,  was  in 
error  by  exhibiting  values  averaging  about  20  percent  low. 
However,  the  Plexiglas  calibration  indicated  excellent 
agreement . 


The  above  results  indicated  that  the  conductivity  data  for  values 
above  5  Btu  in. /hr  ft2oF  should  be  determined  using  the  composite 
method,  with  the  direct  method  employed  for  the  lower  values. 

However,  the  composite  method  is  much  toe  critical  under  certain 
conditions,  and  data  scatter  was  as  high  a.  30  percent.  By  considering 
equation  2  in  close  detail,  it  was  found  that  normal  experimental 
error  in  determining  (lF/kF)  can  result  in  a  magnified  error  of 
k<*  if  (1f/Kf)  is  critically  close  to  (ItAt)  .  With  certain  conditions, 
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an  error  of  3  percent  in  (IpAp)  can  result  in  a  10  percent  to 
50  percent  error  in  ks.  Therefore,  it  was  mandatory  that  the 
direct  method  be  improved  for  use  over  the  entire  range  of  values, 
and  that  the  composite  be  used  onlv  as  a  check. 

It  was  determined  that  a  majority  of  the  errors  obtained  with 
the  direct  method  was  due  to  the  lack  of  intimate  contact  at  the 
interfaces  of  the  specimens  when  the  load  and  fillers  were  impro¬ 
perly  selected.  This  error  was  magnified  (even  percentagewise) 
when  the  conductivities  were  about  5  Btu  in. /hr  ft2°F.  In  order 
to  obtain  intimate  contact  at  the  interfaces,  proper  selection  of 
compaction  load  and  filler  material  for  each  test  material  is 
required.  An  extensive  evaluation  was  performed  on  the  effect  of 
measured  conductivity  of  increased  compaction  loading  using  either 
no  filler  material  or  fillers  of  gum  rubber,  Fiberfrax,  or  asbestos. 
Tne  specimens  used  in  this  evaluation  were  Plexiglas,  Pyrex,  and 
other  plastic  materials,  which  represented  a  range  of  conditions 
including  different  surface  finish,  flatness,  flexibility,  and 
conductivity .  Table  E-l  presents  the  calibration  data  obtained  for 
Pyrex  and  PJ.exigias  in  the  3-inch  and  7-inch  diameters  and  14-inch 
square  ASTM  C177-45  guarded  hot  plate  apparatuses. 

Under  the  normal  compaction  load  of  approximately  600  pounds, 
the  3-inch  diameter  apparatus  provided  reliable  data  for  Plexiglas 
using  either  filler  or  no  filler,  and  for  Pyrex  using  the  filler 
only.  Under  the  normal  load,  the  14-inch  apparatus  provided  accu¬ 
rate  data  for  Plexiglas;  however,  the  values  were  occasionally  low 
on  the  Pyrex  using  the  direct  method  of  calculation,  The  7-inch 
diameter  apparatus  provided  data  about  8  percent  low  for  Pyrex 
under  normal  load  with  a  gum  rubber  filler.  For  Plexiglas,  the 
7-inch  diameter  apparatus  provided  accurate  data  under  normal  com¬ 
paction  loads  with  no  filler  and  gum  rubber  of  Fiberfrax  filler; 
however,  the  data  were  7  percent  low  using  an  asbestos  filler. 
Subsequent  work  indicated  that  the  7-inch  apparatus  was  somewhat 
erratic,  so  the  heater  was  rebuilt  and  the  agreement  w*‘th  standard 
improved  even  more  to  within  about  5  percent,  although  the  trend 
remained  similar.  Such  extensive  data  were  not  reobtained. 

Under  varying  load,  the  7 -inch  diameter  apparatus  vrith  gum 
rubber  filler  provided  values  for  Pyrex  that  increased  7.5  per¬ 
cent  as  the  load  was  increased  from  100  pounds  to  600  pounds  and 
only  increased  3  percent  more  from  600  pounds  to  4000  pounds.  The 
excessively  high  compaction  pressures  provided  values  on  Plexiglas 
with  a  gum  rubber  filler  that  were  not  orderly  and  were  noticeably 
higher  than  reported  in  the  literature  for  this  material  regardless 
of  the  technique. 
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The  data  obtained  with  increasing  load  on  the  other  plastic 
materials  {not  standards)  demonstrated  in  most  cases  that  an  increase 
in  compaction  load  from  the  normal  600  pounds  did  not  increase  the 
values  insignificantly  but  did  introduce  unorderly  changes.  It  was 
apparent,  therefore,  that  excessively  high  loadings  were  neither 
required  nor  desirable.  As  a  matter  of  fact,  the  bonds  between  the 
resin  and  reinforcement  on  some  materials  could  be  influenced, 
thermally,  by  such  high  pressures.  Further,  stress  fields  are 
created  and  data  obtained  here  have  indicated  an  influence  of  stress 
on  the  conductivity  of  the  structures  .involved  for  a  material  such 
as  Plexiglas.  The  mechanism  is  probably  one  of  the  induced  alignment 
of  the  chains. 


The  major  requirements  was  to  provide  intimate  thermal  contact 
on  all  faces,  which  could  be  done  by  the  proper  selection  of  compaction 
load  and  filler,  depending  on  the  properties  of  the  particular 
specimen.  The  actual  load  on  the  sandwich  was  more  important  than 
the  pressure  since  it  is  the  load  and  not  the  pressure  that  best 
correlates  with  flattening  a  curved  plate  or  specimen.  For  example, 
it  requires  more  load  to  flatten  a  7- inch  plate  than  it  does  a  14-*inch 
plate.  So,  if  the  same  pressure  were  maintained  on  the  two  apparatuses, 
the  lower  compaction  force  on  the  smaller  one  would  not  flatten  the 
bow.  The  pressure  would  be  important  in  providing  deformations, 
locally,  of  the  filler  and/or  specimen  where  a  low  or  high  spot  may 
exist;  however,  the  data  on  Plexiglas  and  Pyrex  with  rubber  and 
Fiber f rax,  particularly,  clearly  demonstrated  that  small  compaction 
loads  were  sufficient  to  provide  enough  pressure  to  deform  the  filler 
into  local  areas.  The  compaction  load  needed  was  not  as  excessive 


as  had  been  suggested  in  some  literature  in  which  the  pressure  was 
considered  of  major  importance.  An  indication  of  the  importance  ot 
the  load- filler  combination  rather  than  pressure  was  apparent  from 
the  data,  which  provided  higher  conductivities  on  the  7-inch  rig  with 
the  rubber  filler  and  600  pound  load  than  on  the  same  rig  with  no 
iiiler  at  3000  pound  load.  Higher  conductivities  were  obtained  with 
the  lower  pressure  by  substituting  the  proper  combination  of  load- 
filler. 

From  the  above,  it  has  been  decided  that  the  higher  thermal  con¬ 
ductivity  materials  can  be  evaluated  accurately  by  the  direct  measure¬ 
ment  method  using  a  filler  if  the  flat  surfaces  are  held  flat,  and 
-he  compaction  loads  are  held  at  a  nominal  level  sufficient  to 
provide  intimate  contact  at  the  interfaces.  The  amount  of  loading 
depends  on  the  flatness,  the  flexibility  of  the  specimen,  and  the 
type  of  filler  used.  For  very  rigid  materials  like  Pyrex,  it  is 
doubtful  if  enough  pressure  could  be  applied  when  run  without  filler 
without  breaking  the  specimen.  No  one  technique  is  adequate  for  the 
determination  of  the  conductivity  of  all  specimens  over  the  full 
temperature  range.  Careful  judgement  is  required  by  the  investigator 
in  each  case  to  select  the  compaction  load,  the  filler  (or  no  filler) , 
the.  honf  flow  level,  and  to  evaluate  the  condition  of  the  apparatus. 
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The  above  analysis  led  to  the  modifications  and  improvements 
which  have  been  made  on  the  ASTM  apparatuses  beyond  those  normally 
employed  to  assure  bette?:  accuracy  of  the  data.  The  screw  loading 
device  on  the  14-inch  apparatus  has  been  modified  to  incorporate 
spring  loading  at  the  center  and  edge  clamps  to  ensure  more  uniform 
loading,  and  thus  provide  flatter  surfaces  and  more  intimate  contact. 
The  edges  are  monitored  with  1-mil  pullout  tabs  to  ensure  that  no 
gaps  existed  in  the  plates.  The  thermocouple  wires  are  more  care¬ 
fully  placed  along  the  isothermal  surface  of  the  specimen.  The 
Fiberfrax  paper  has  been  adopted  as  a  high  temperature  filler,  since 
it  conformed  to  any  irregularities  on  the  surface  exceptionally  well 
allowing  the  placement  of  the  small  thermocouple  wires,  electrically 
insulated  with  0. 003-inch  Teflon  tape,  without  disri  ing  the  inti¬ 
mate  contact  required.  It  has  also  been  noted  that  ‘easing  the 
heat  level,  and  thuf.  the  temperature  difference,  across  the  specimen 
provides  less  deviacion  at  the  150°F  overlap  temperature.  The 
minimum  heat  flow  ]evel  depends  on  the  conductivity  of  the  material 
and  cannot  be  defined  at.  a  given  temperature  drop.  The  random 
deviation  between  values  on  the  same  specimen  as  evaluated  with 
rubber  filler  frori  -50°F  to  350°F,  and  with  Fiberfrax  filler  from 
ISO^F  to  1000°F,  aas  been  reduced  to  a  maximum  of  about  5  percent. 
Past  experience  has  shown  that  the  Fiberfrax  filler  provides 
slightly  higher  data  on  30  percent  of  the  runs  and  slightly  lower 
data  on  the  remaining  runs  at  the  change-over  temperature  (from 
one  filler  to  the  other)  at  about  150°F. 

Table  E-l  presents  the  many  calibrations  performed  on  the 
apparatuses  for  both  before  and  after  the  above  improvements  were 
incorporated. 
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Apparatus 

Flexible* 

Tt'ernei  Conductivity 
*tv>  in. /hr  ftx  *F 

Pyre*  I 

Thermal  Conductivity  I 
»tu  In. /hi  ft»  *P  * 

14  m.  Txy  with  4*be*coe  or  rubber  filler*  composite 
•nthod  and  400  pound* 

1.33  to  1.39 

7.1  to  *.» 

14  in.  ri«;  w.th  asbestos  filler  end  600  pounds 

1.17  to  1.2C 

S.}( 

M  in.  n*;  ur-d  rubber  filler  end  600  pound* 

1.1*  to  1.22  tc  1.30 

7.35  to  3.3? 

14  in,  ri«i  with  Fiber* rex  filler  end  400  poena s  Alter 
loprovvnor.is  awide 

1*34 

7.(4  to  7.(1 

:  tr*.  diA*>etrr  rip  with  rubber  filler  end  connection 

of : 

100  pijund* 

600  pounds 

1030  pound* 

300C  pound* 

4036  pound* 

1.25 

1.26  to  1.09  with  0 

1,25 

1.14  to  1.33  with  0 

-7.36 

0%,  7.74 

01 

♦2.09 

♦2.1% 

7  in.  dteneter  rip  with  eebeeto*  filler  end  connection 

of: 

100  pound* 

690  pound* 

1000  pound* 

J000  pounie 

4000  pounds 

1.11  to  1.17 

1.11 

- 

t.X 

5.0 

7  in.  di*4K*r«‘r  r*<*  with  no  filler  with  compaction  loede 
of : 

100  pounds 

400  pounds 

IV,10  pound* 

3000  pjundu 

4‘«'C0  ,  uurds 

1.12 

1.21 

1.23 

1.27 

1.29 

4.0 

7  m.  diAMnter  rtq  with  Fibetfrex  end  400  pound* 
after  isprowecnti  node 

1.14 

7.11  to  0.1 

1  in.  duiewr  rig  with  rubber  filler  and  *00  pound. 

1.17 

7.34  to  7,( 

1  In.  diameter  rig  with  riberfrax  fillar  and  (00  founds 

1.15,  1.10,  1.19,  1.41  to  1.1* 

7.4  to  7.( 

}  in.  diameter  rig  with  aabeatoe  filler  end  (00  pound* 

1.16.  1.1(,  l.M 

7.20 

1  in.  Oleneter  ri9  witliout  filler  end  600  pounds 

l.M  to  1.19 

(.70  to  (.7} 

1.  Literature  and  prevloua  work  report*  th*  thermal  conductivity  of  PlanigJaa  to  be  1.19. 

Literature  report*  t!lc  thermal  conductivity  of  7740  Pyre*  to  be  from  7.1  to  *-l  *t  about  200»r 
ruapp.  American  Ceramic  Society.  1942,  and  the  MM,  reapectively.  Tho  MM  data  ar*  by  the 
t  irtrs  resistance  or  tonpoaite  technique.  Prior  value*  by  the  MM  veiny  direct  method  were 
ab'vjt  7.4  to  7.i, 

i.  ?r*ickn*iii~*  of  spcci**ns  v^ry  with  inwcvti^Ator. 
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APPENDIX  F 


THERMAL  CONDUCTIVITY  TO  5500*F 
BY  RADIAL  INFLOW  METHOD 


The  thermal  conductivity  is  determined  with  a  radial 
heat  inflow  apparatus  that  utilizes  a  central  specimen  1 
inch  long.  This  apparatus  is  normally  employed  for  mea¬ 
surements  over  the  temperature  range  from  1500°F  to  5500°F. 
Comparative  rod  apparatus  is  used  at  temperatures  below 
1500°F  where  radiant  heating  is  less  effective.  The  radial 
inflow  apparatus  gives  a  direct  measurement  of  the  thermal 
conductivity  rather  than  a  measurement  relative  to  some 
standard  reference  material.  A  picture  of  the  apparatus 
ready  to  be  installed  in  the  furnace  is  shown  in  Figure  F-l. 

The  furnace  and  associated  equipment  for  the  therman  con¬ 
ductivity  work  is  shown  in  Figure  F-2.  In  addition  to  the 
specimen/  the  apparatus  consists  primarily  of  (1)  a  water 
calorimeter  that  passes  axially  through  the  center  of  the 
specimen,  (2)  guards  made  from  the  same  specimen  material 
at  both  ends  of  the  specimens  to  reduce  axial  heat  losses, 

(3)  sight  tubes  ti'.?t  allow  the  temperature  at  selected 
points  in  the  specimen  to  be  determined  either  by  thermo¬ 
couples  or  optical  pyrometer  and  (4)  an  external  radiant 
heat  source  (see  Figure  F-3).  The  water  calorimeter  provider 
a  heat  sink  at  the  center  of  the  specimen  to  create  a  sub¬ 
stantial  heat  flow  through  the  specimen  and  allows  the 
absolute  value  of  the  heat  flow  to  be  determined.  Thermo¬ 
couples  mounted  1/2  inch  apart  in  the  calorimeter  water 
stream  measure  the  temperature  rise  of  the  water  as  it 
passes  through  the  gage  portion  of  the  specimen.  By 
metering  the  water  flow  through  the  calorimeter,  it  is 
possible  to  calculate  the  total  radial  heat  flow  through 
the  1/2-inch  gage  section  of  the  specimen  from  the  standard 
relationship  Q  *  MCAT.  M  is  the  weight  of  water  flowing 
per  hour,  C  is  the  specific  heat  of  water  and  AT  is  the 
temperature  rise  of  the  water  as  it  passe j  through  the  gage 
section. 

The  standard  specimen  configuration  i3  shown  in  Figure  F-4. 
The  specimen  is  1.062  inches  O.D.  x  0.250  inch  i.D.  x  1  inch 
long.  Holes  0.073  inch  in  diameter  are  drilled  on  radii  of 
0.233  and  0.437  inch  to  permit  measurement  of  the  radial 
temperature  gradient.  In  specimens  which  are  anisotropic 
in  the  diametral  plane  (for  example,  certain  graphites) ,  a 
second  pair  of  holes  is  drilled  90*  to  the  first  pair.  The 
diameters  joining  each  pair  of  holes  is  located  to  coincide 
with  the  principal  planes  of  anisotropy  in  the  material. 
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A  1/2  inch  long  upper  guard  and  a  1/2  inch  long  lower 
guard  of  specimen  material  are  placed  above  and  below  the 
1  inch  long  specimen  to  maintain  a  constant  radial  temper¬ 
ature  gradient  throughout  the  entire  specimen  length  and 
thereby  prevent  axial  heat  flow  in  the  specimen.  The  outer 
ends  of  the  specimen  guards  are  insulated  with  graphite 
tubes  filled  with  thermatomic  carbon.  These  tubes  also 
hold  the  specimen  in  alignment.  The  combined  effect  of 
specimen  guards  and  thermatomic  carbon  insulation  permits 
a  minimum  axial  temperature  gradient  within  the  specimen. 

This  gradient  is  not  detectable  by  optical  pyrometer  readings, 
visual  inspection  of  the  specimens  after  runs  have  verified 
that  no  large  axial  temperature  gradient  exists  in  the  speci¬ 
men.  The  guards,  made  of  specimen  material,  display  axial 
distortion  of  the  isothermal  lines  for  approximately  1/4 
inch  from  the  outer  ends  before  reaching  an  apparent  constant 
axial  temperature. 

When  sufficient  material  is  available,  the  alternate 
specimen  configuration  shown  in  Figure  F-5  is  employed.  This 
specimen,  being  1.5  inches  in  diameter,  provides  a  larger 
gage  length  (0.357  inch)  between  temperature  wells  and  allows 
the  installation  of  three  holes  on  each  radius  without  exces¬ 
sively  distorting  the  radial  temperature  profiles.  Thus  this 
specimen  configuration  permits  a  more  precise  measurement  of 
the  average  temperature  at  each  radial  location.  As  with  the 
smaller  specimen,  the  location  of  the  temperature  wells  must 
be  altered  for  transversely  anisotropic  specimens. 

The  annulus  between  the  specimen  inside  diameter  and  the 
7/32  inch  outside  diameter  of  the  calorimeter  tube  is  packed 
with  either  copper  granules,  graphite  or  zirconia  powder. 

This  packing  provides  a  positive  method  for  centering  the 
calorimeter  within  the  specimen  and  promotes  good  heat  trans¬ 
fer  between  specimen  and  calorimeter. 

Temperatures  up  to  2000°F  are  measured  with  chromel 
alumel  thermocouples  inserted  into  the  specimen  through 
the  sight  tubes.  At  high  temperatures,  the  temperatures 
are  measured  through  the  vertical  sight  tubes  using  a 
right-angle  mirror  device  and  optical  pyrometer. 

In  Figures  F-l  and  F- 3  showing  a  typical  conductivity 
calorimeter  apparatus  ready  for  insertion  into  a  furnace 
for  a  run,  a  water-cooled  copper  section  can  be  seen  at 
the  top  of  the  unit.  This  .6-*  ./cion  provides  permanent  sight 


tubes  to  within  about  2-1/2  inches  of  the  guard  specimen, 

in  addition  t.o  the  permanent  mount  for  the  right-angle 

mirror  device  used  with  the  optical  pyrometer.  Within  the 

short  zone  between  the  water-cooled  section  and  the  top  i 

guard,  thin-walled  graphite  sight  tubes  are  fitted.  The  j 

remainder  of  the  annulus  is  filled  with  thermatomic  carbon  j 

insulation.  ’ 

During  thermal  conductivity  runs,  the  following  data 
are  recorded:  (1)  power  input,  (2)  specimen  face  temper¬ 
ature,  (3)  specimen  temperatures  in  the  gage  section  at  the 
two  radii,  (4)  temperature  of  the  calorimeter  water  at  two 
points  1/2  inch  apart  axially  within  the  specimen  center 
and  (5)  water  flow  rate  through  the  calorimeter.  At  least 
five  readings  are  made  at  each  general  temperature  range  to 
determine  the  normal  data  scatter  and  to  minimize  the  error 
that  might  be  encountered  in  a  single  reading. 

All  thermocouple  readings  are  measured  on  a  Leeds  and 
Northrup  K-3  null  balance  potentiometer  used  in  conjunction 
with  a  galvanometer  of  0.43  microvolt  per  mm  deflection 
sensitivity.  All  optically  measured  temperatures  are  read 
with  a  Leeds  and  Northrup  Type  6622  optical  pyrometer.  The 
flow  rate  of  the  calorimeter  water  is  measured  with  a  Fischer 
and  Porter  Stabl-Vis  Flowrater. 

The  thermal  conductivity  values  are  computed  from  the 
relation 

Qln  fa 

K  =  . 

2ttL  (T  -  T  ) 

2  l 


where 

Q  =  the  heat  flow  to  and  measured  by  the  calorimeter 
r2  =  the  radius  to  the  outer  temperature  well 

rx  =  the  radius  to  the  inner  temperature  well 

Tr  =  temperature  at  r 

Tri  =  temperature  at  r 

L  =  the  gage  length  over  which  the  calorimeter  AT  is 
measured,  for  our  present  calorimeter  is  1/2  inch 
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Based  on  an  extensive  error  analysis  and  calibrations  on 
homogeneous  isotropic  materials  of  known  thermal  conductivities, 
such  as  Armco  iron  and  tungsten,  the  precision  (coefficient  of 
variation)  in  the  measurements  has  been  established  at  *7  percent 
over  the  temperature  range.  For  multiple  runs  on  samples  having 
similar  properties,  the  uncertainty  in  a  smooth  curve  through  the 
data  can  be  established  to  within  ±7  percent.  A  detailed  error 
analysis  has  been  presented  in  a  paper  by  Mann  and  Pears. 


Data  obtained  here  on  several  high-temperaturc  materials 
are  presented  in  Figures  F-6,  F-7,  andF-8.  Figure  F-6  is  a  plot 
of  data  obtained  here  on  tungsten.  The  specimen  for  these 
determinations  were  fabricated  from  stacks  of  0.060-inch  washers 
cut  from  hot  rolled  sheet  stock.  Also  plotted  are  values 
reported  by  other  investigators  including  “recommended  values" 
given  by  Powell,  Ho  and  Liley2  based  on  a  compilation  of  103 
sets  of  data.  Agreement  of  the  recommended  values  is  excellent 
throughout  the  temperature  range. 


Figure  F-7  shows  data  obtained  here  on  ATJ  graphite,  with 
grain.  This  material  is  premium  grade,  medium  grain  graphite 
having  a  density  range  of  1.73  to  1.78  gm/cm3 .  The  crosses  (+) 
shown  in  the  figure  are  "recommended  values"  given  by  Ho, 
Powell  and  Liley.3  Again  agreement  is  excellent. 


Figure  F-8  shows  data  obtained  on  AXM-5Q1.  These  data  were 
obtained  under  a  program  sponsored  by  the  Air  Force  Materials 
Laboratory  to  develop  high  temperature  thermal  conductivity 
standards.  Measurements  were  made  on  this  material  by  four 
laboratories  in  addition  to  Southern  Research  Institute.  The  U 

bands  shown  in  Figure  31  represent  the  range  of  data  reported 
by  the  other  participating  organizations.  A  complete  presen¬ 
tation  and  discussion  of  the  data  are  given  in  AFML-TR-69-2. 4 


*Mann,  W.  H.  Jr.,  and  C.  D.  Pears,  A  Radial  Heat  Flow  Method 
for  Measurement  of  Thepnal  Conductivity  to  52 00 ^F,  presentee 
at  the  Conference  on  Thermal  Conductivity  Methods,  Battelle 
Memorial  Institute,  October  26-28,  1961. 


2 Powell,  R.  W.,  C.  Y.  Ho  and  P.  E.  Liley,  Thermal  Conductivity 
of  Selected  Materials,  NSRDS-NBS  8,  National  Standard  Reference 
Data  Series  -  National  Bureau  of  Standards  -  8,  1966,  pp.  11, 
54-59. 


3Ho,  C.  Y.,  R.  W.  Powell  and  P.  E.  Liley,  Thermal  Conductivity 
of  Selected  Materials,  Part  2,  NSRDS-NBS  16  National  Standard 
Reference  Data  Series'  -  National  Bureau  of  Standards  -  16,  pp. 
89-128. 


''Little,  Arthur  D.,  Inc. .  AFMI.-TR-69-2.  Development  of  High 
Temperature  Thermal  Conductivity  Standards,  Under  Contract 
AF33  {"615) -2874 ,  1969,  pp.  115-127. 
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Figure  F-4.  J*«-inch  Diameter  Thermal  Conductivity  Specimen 
for  Radxal  inflow  Apparatus 
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Figure  F- 
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5‘  f*50  lnch  Dian*eter  Specimen  and  Guards 

Usea  for  Radial  Inflow  Thermal  Conductivity  Measurements 
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TENSILE  AND  COMPRESSIVE  STRESS-STRAIN  CURVES  FOR 
THE  CARBON-PHENOLIC  PORTION  (#15A)  OF  AVCO  3DC/QP 
-  MATERIAL  15 
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TENSILE  AND  COMPRESSIVE  STRESS-STRAIN  CURVES  FOR 
THE  QUARTZ-PHENOLIC  PORTION  (#15B)  OF  AVCO  3DC/QP 
-  MATERIAL  15 
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APPENDIX  M 


ANOMALOUS  STRUCTURE-CHANGE  PROBLEM 


MATERIAL  #25 


Material  #15  (3DC/QP)  was  a  two  phase  3-D  orthogonal  Carbon- 
Quartz-Phenolic  composite.  The  structural  (inner)  material  was 
Quartz-Phenolic  (3DQP) ,  and  the  heat  shield  (outer)  material  was 
&  Graphite-Phenolic  (3DCP) .  The  radials  were  carbon.  A  sketch 
describing  the  construction  of  the  material  is  given  in  Figure 
M-l.  - - - 


During  the  program ,  AHCA  arcs  of  3DC/QP  and  3DCP  were  hit  by 
Raman  to  simulate  encounter.  These  arcs  demonstrated  "tructure- 
change  unlike  the  AHP  arcs  evaluated  earlier.  For  AHCA  3DC/QP 
at  higher  levels,  the  inner  material  separated  from  the  outer, 
and  at  lower,  levels,  inner  plies  slipped  off  radials.  At  locations 
away  from  the  separations  little  or  no  structure-change  was 
detected.  For  AHCA  3DCP,  back  p3ies  were  removed  with  little 
damage  occurring  elsewhere.  For  AHP  3DC/QP  arcs  evaluated  earlier, 
structure-change  was  volume  oriented  at  the  center  of  the  outer 
material . 


Photographs  showing  the  AHCA  mode  of  failure  are  qi  yen  in 
Figures  M-2  and  M-3.  A  radiograph  showing  the  AHP  mode  at 
different  impulse  levels  is  given  in  Figure  M-4.  Photomicro¬ 
graphs  showing  AHP  Material  #15  virgin  and  impacted  (Arc  15-AR-3) 
and  AHCA  virgin  and  structure-change  at  radials  are  given  in 
Figures  M-5a  and  M-5b.  A  photomicrograph  showing  virgin  AHCA 
Material  #15  between  radials  is  given  in  Figure  M-6. 


Because  of  the  change  in  failure  mode,  a  program  was  outlined 
to  determine  the  source  of  the  problem,  whether  geometry  or 
material.  The  effort  undertaken  included  NDT,  mechanical,  and 
thermal  property  characterisation.  NDT/consisted  of  visual,  bulk 
density,  liquid  penetrant,  ultrasonic  transmission,  velocity,  open 
porosity,  radiographic,  and  light  microscopy  inspections.  Mechani¬ 
cal  and  thermal  property  evaluations  included  flexural  MOE, 
torsional  shear,  and  thermal  expansion.  Apparatuses  and  test 
procedures  used  were  similar  to  those  presented  in  the  body  of 
this  report. 


The  AHCA  material  was  designed  to  be  an  improvement  of  AHP 
material  by  impregnation.  The  decrease  in  porosity  was  apparent 
in  the  AHCA  material.  Photomicrographs  showing  the  two  materials 
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are  given  in  Figure  M-7.  A  post  cure  cycle  was  later  added  to  the 
process  by  AVCO  in  an  attempt  to  gain  back  the  AHP  porosity.  A 
photomicrograph  showing  the  shrinkage  effects  on  impregnant  filled 
voids  caused  by  post  curing  of  AHCA  material  at  Southern  Research 
is  also  shown  in  Figure  M-7. 

The  results  of  the  study  are  /given  in  Table  M-l.  Awareness  of 
the  problem  first  occurred  when  Arcs  3  and  4  from  Ring  4  were  hit 
by  Raman.  Failure  in  Arc  3  was  by  rear  delamination  about  0.004  inch 
from  the  rear  face  below  the  impulse  level  where  structure-change 
was  expected.  Figure  M-3.  The  data  presented  in  Table  M-l 
included  results  from  HDT,  mechanical,  and  thermal  property  evalu¬ 
ations  on  these  two  arcs  (Colrtr.s  4  and  5) ,  on  AHP  #15  virgin 
material  (Column  1) ,  calibration  arcs  from  AHP  #15  virgin  and  AHP 
#15  outer  virgin  materials  (Columns  2  and  7),  virgin  AHCA  material 
(Column  3),  AHP  Arc  15-AR-3  for  comparative  purposes  (Column  6), 
and  AHCA  #15A  (outer)  material  (Column  8).  These  data  provided 
comparisons  of  the  various  test  results  on  AHCA  and  AHP  material 
#15  and  AHCA  and  AHP  material  #15  outer  for  geometry  and  material 
variations . 

Specimens  U3ed  for  geometry  studies  included  two  calibration 
specimens  in  Table  M-l  (Columns  2  and  7)  and  6  additional  speci¬ 
mens  injected  into  the  program  specifically  for  the  geometry 
study.  The  two  calibration  specimens  described  in  Table  M-l  were 
from  AHP  material  machined  to  the  AHCA  configuration  (0.320/0.320 
for  Material  #15) .  The  six  additional  specimens  were  two  #15A 
Arcs  of  AHCA  material  and  the  AHP  geometry  0.660  inch  thick;  two 
Material  #15A  arcs  of  AHCA  material  in  the  AHP  geometry  with  a 
ratio  of  outer  to  inner  of  0.440  to  0.180,;  two  Material  #15 
AHCA  arcs  of  the  AHCA  geometry  with  an  outer  to  inner  ratio  of 
0.440  to  0.180.  The  results  of  the  HDT  evaluations  on  these 
additional  specimens  are  given  in  Table  M-2. 

Some  experimental  Material  #15  was  also  used  in  the  program 
to  investigate  porosity  effects  induced  by  post  curing  and  impreg¬ 
nation.  The  purpose  of  the  experiment  was  to  determine  if  porosity  • 
opened  up  with  post  cure.  A  ring  was  cut  into  three  120°  segments, 
and  from  each  segment,  two  Kaman  arcs  and  a  Southern  Research 
tab  were  removed.  The  first  tab  end  received  no  additional  post 
cure  or  impregnation;  the  second  tab  end  received  low  pressure 
impregnation  plus  post  cure;  the  third  tab  end  received  high 
pressure  impregnation  of  the  AHCA  type  plus  ipost  cure.  The 
results  of  NDT  and  radial  tensile  data  are  given  in  Table  M-3. 

Some  additional  data  included  for  comparative  purposes 
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were  the  test  results  on  AHP  cylinder  material/  AHP  nuclear 
response  material/  and  AHCA  material.  As  shown/  porosity  was 
influenced  significantly  by  these  process  changes.  The  open 
porosity  varied  from  11.3  percent  for  virgin  Tab  #1  to  2.2  p er- 
ce  \t  for  Tab  #4A,  to  1.2  percent  for  Tab  §5A.  Bulk  density  for 
Tan  #1  was  1.343/  for  Tab  #4A  was  1.448/  and  for  Tab  t5A  was 
1.460  gm/cm*.  The  porosity  variations  were  apparent  visually. 
Photographs  showing  the  three  tab  ends  are  given  in  Figures  M-8 
through  M-10.  Tab  End  #1  passed  the  nuclear  response  test  ’out 
failed  in  the  AHCA  mode.  Photomicrographs  showing  the  material 
in  the  three  tab  ends  are  given  in  Figure  M-ll. 


In  addition/  as  mentioned  earlier/  specimens  from  AHCA 
Material  #15  were  heat  treated  to  500 *F  at  Southern  Research.  The 
samples  were  heated  using  a  nitrogen  atmosphere  to  500°F  in  four 
hours,  soaked  for  12  hours,  and  furnace~cooled  back  to  70‘F  in 
four  hours.  As  shown  in  Figure  M~7,  shrinkage  of  impregnate 
occurred  in  voids  which  were  filled  by  subsequent  impregnations 
resulting  in  additional  porosity  at  the  original  void  interface. 
Results  of  open  porosity  and  bulk  dsnsity  measurements  by  liquid 
absorption  were  ae  follows: 


Specimen 

2 

3 


Before  H.  T. 
at  500«F 


After  H.  T. 
at  500*F 


Bulk 
Density 
(gm/car ) 

1,477 

1.462 


Open 

Porosity 

(%) 


0.6 

0.7 


Bulk 

Density 

(gm/cm1) 

1.459 

1.447 


Open 

Porotity 

W 

3.0 

3.1 


The  major  conclusions  of  this  study  were: 

1.  Porosity  of  AHCA  #15  was  lower  than  AHP  #15; 


2.  Densities  of  AHP  #15  inner  and  outer  were  higher 
than  AHCA  #15; 


3.  AHP  #15  had  higher  density  with  higher  porosity  than 
AHCA  #15  because  AHP  had  higher  fiber  quantity; 

4.  Bleeding  by  AHP  #15  outer  (cylinder)  at  140CF  was 
probably  caused  from  an  epoxy  cosmetic  applied  to 
cylinder  for  appearance. 
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Decoupling  in  ASP  #15  resulted  from  higher 
porosity  and  lateral  dissipation  of  energy; 

Coupling  in  AHCA  #15  resulted  from  lower  porosity 
with  increased  energy  transfer  to  backf ace ; 

Post  curing  of  AHCA  #15  resulted  in  shrinkage 
of  impregnants  in  voids  that  had  been  filled  by 
subsequent  impregnation*; 

The  problem  with'  AHCA  #15  was  material. 


Piguro  R»l.  AVCO  Two  Phaoo  3-D  Orthogonal  Quarts -Phallic  -  tutorial  #15 
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Figure  M-2. 


Photograph  Showing  Damage  to  AHCA  Material 
with  Increased  Impulse  Levels 


Radiograph  Showing  AHP  Mod*  for  Material  #15 
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11.  Photomicrographs  Showing  Material  #15  in  Tab  #1,  #4A 
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